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ABSTRACT 



Context. The "mass discrepancy" in massive O stars represents a long-standing problem in stellar astrophysics with far-reaching 
implications for the chemical and dynamical feedback in galaxies. 

Aims. Our goal is to investigate this mass discrepancy by comparing state-of-the-art model masses with model-independent masses 
determined from eclipsing binaries. 

Methods. Using stellar evolution models and a recent calibration of stellar parameters for O-star spectral sub-classes, we present a 
convenient way to convert observed solar metallicity O star spectral types into model masses, which we subsequently compare to our 
dynamical mass compilation. We also derive similar conversions for Large and Small Magellanic Cloud metallcities. 
Results. We obtain a good agreement between model and dynamical masses, suggesting the long-standing problem of a systematic 
mass discrepancy problem may have been solved. We also provide error ranges for the model masses, as well as minimal and maximal 
age estimates for when the model stars are in a given spectral type box. 
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1. Introduction 



binaries: eclipsing - stars: early-type - stars: evolution - stars: formation - stars: fundamental parame- 



The most basic parameter of a star is its mass. Knowledge 
of this most fundamental parameter is of utmost importance 
for basically all of astrophysics. For massive O stars, reliable 
mass determinations have turned out to be particularly chal- 
lenging. For over two decades there has been a "mass dis- 
crepancy" where O-star masses derived from evolutionary mod- 
els (M evo i) were found to be systematically higher than those 
derived fr om stellar atmosphere analyse s (M SDec ) by up to a 
factor ~2 dGroenewegen & Lamerslfl~989l iHerrero etal ] ll992l 
Even two recent studies still report a significant mass discrep- 
ancy for non- enriched O-type sta rs in the Large Magellanic 
Cloud (LMC. iMokiem et alj l2007h and the Milky Way (MW, 
lHohleetal.ll2010l) . 

Over the last few decades, four alternative methods to deter- 
mine O star masses have been developed: 

- evolutionary masses (M evo i) 

- spectroscopic masses (M spec ) 

- wind masses (M w ; n( j) 

- dynamical masses (Md yn ). 

In the first method, one places the luminosity (or abso- 
lute magnitude) and effective temperature (or colour) in a 
Hertzsprung-Russell diagram (HRD) and compares the positions 
of the stars with theoretical stellar evolution models. 

The second way comprises the use of stellar spectroscopy: 
via the Stark broadening in spectral lines, one can derive log 
g and subsequently the mass M spec . For O stars, this method is 
highly complex, because stellar winds have a sev ere influence 
on the underlying m odel atmospheric structure (e.g. Gable r et~a"fl 
1 1 989t iHilliedl 1 99 lh . 

In the meantime, a third method to determine O star wind 
masses M w i nc j had been put forward (iGroenewegen & Lamersl 



ll989LlKudritzki et al. | l992|). This meth od employs the radiation- 
driven theory (e.g. ICastor et al.lll975|) . which re lates the termi- 
nal wi nd v elocity to the stellar escape velocity. iKudritzki et alj 
(1 19921) and lHerrero etal] (1 19921) found good agreement between 
their spectroscopic and wind masses, and suggested that the 
evolutionary masses were systematically too large. Although 
there was indeed no particular reason to expect that evolu- 
tionary masses should be correct - given the large number of 
uncertainties in the underlying physical input (e.g. mass loss, 
overshooting, rotation, and magnetic effects) - the evolution- 
ary calculations se emed to reproduce th e observed O-star prop- 
erties rather wel l dHilditch et alj IT996h . Subsequent work by 
Burkholder et al ] (Il997h . who tried to derive masses from bi- 
nary dynamics (Md yn ), suggested that the evolutionary masses 
were at least of the right order of magnitude, thereby challeng- 
ing the spectroscopic masses, which were significantly lower at 
the time. 

The best argument to trust the spectroscopic masses was 
their independent agreement with wind masses based on 
radiation-driven wind theory. This was not always the case 
as in the 1990s, there was also a systematic discrepancy be- 
tween imsjid£ssj^ites_2re^ and observa- 
tions (lLamers & LeithereJl993t|Puls et a 1. 1996). This situation 
changed when lVink et al.l (l2000h presented new wind models in- 
cluding multiple-scattering. These models no longer show the 
systematic discrepancy with empirical ratefl Although the good 
agreement reached between these new mass-loss predictions and 
the empirical rates - using the evolutionary rather than the spec- 
troscopic masses - could have been coincidental, the additional 



1 Although it is currently debated whether the absolute values of 
these mass-loss rates are of the right order of magnitude. Some recent 
studies have called for a fund amental reduction in O-star mass-loss rate s 
as a result of wind clumping (Bouret et al. 2005; Fullerton et al. 2006). 
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compatibility between evolutionary and dynamical masses, re- 
sulting in an agreement between three methods, led to the suspi- 
cion that it was most likely the spectroscopic masses that were 
the main culpr it for th e mass discrepancy. 

lLanz et all ( 1 19961) had already suggested that the neglect 
of line-blanketing could cause M spec to be underestimated, 
and subsequent improvements res ulted in a new calib ration 
of Galactic O-star parameters by iMartins et alj d2005l here- 
after MSH05). These state-of-the-art non-local thermodynamic 
equilibrium (NLTE) models include both mass loss and line- 
blanketing. In the meantime, the effects of s tellar rotation were 
includ ed in the Geneva evolutionary models dMevnet & Maederl 
l2003h . and below we will indeed confirm that the evolution- 
ary masses now agree with the spectroscopic ones. This should 
be considered a major triumph for the formidable task of in- 
cluding full Fe lin e-blanketing in the atmospheric models (e.g. 
iHfflier et al.ll200l . 

Nevertheless, given that both the Geneva e volutionary 
masses and the MSH05 calibration include the same et al. 
(2000) mass-loss rates, even an agreement with the wind masses 
could be a coincidence involving complex model interdependen- 
cies, and it is by no means certain they should be correct. It 
thus remains crucial to check our model masses against model- 
independent ones. 

The only known model-independent masses so far are the 
dynamically derived ones: Md yn . This method is only applica- 
ble to binary stars. Usually, careful determination of the orbital 
parameters of a system allows one to obtain the mass ratio of 
the two stars, as the orbit inclination relative to Earth is gen- 
erally unknown. Only for eclipsing binaries, the inclination is 
well-enough constrained to be able to measure absolute stellar 
masses. Unfortunately, stars eclipsing each other are very rare, 
and the search for these systems comprises an important en- 
deavor to calibrate and verify evolutionary models. In this pa- 
per we provide a compilation of dynamical masses derived from 
eclipsing binaries. Only very few eclipsing binaries are known 
that composed of at least one massive stafl All of these are chal- 
lenging to study because they are distant and, as most or prob- 
ably all massive stars are born in star cluste rs dAdams & Myers! 
2001: lLada & Ladal2003UAllen et alJ2007T) . in very crowded re- 
gions of the sky. Nonetheless, a growing sample of eclipsing O 
stars is known, and we intend to use these to calibrate a rela- 
tion between the spectral type of an O star and its present-day 
mass. Such a relation allows us also to calibrate the masses of O 
stars that are not part of an eclipsing binary system, i.e. the vast 
majority! 

In Sect. [2] the spectral classification of O stars is discussed, 
while in Sect.[3]the mass determinations from eclipsing binaries 
and spectroscopic masses are presented. The results of this study 
follows in Sect.Hl and a summary is provided in Sect. [5] The stel- 
lar evolution models used and our interpolation scheme for ad- 
ditional intermediate model masses is described in appendix [Al 
Furthermore, a large table is provided in the appendix|Bj which 
shows the spectral type evolution of the different stellar models 
used (on-line only). 



2. Spectral classification of massive stars 

Traditionally, O star spectral types are divided into sub-types 
from 03 to 09, with 0.5 steps (but without the sub-types 03.5 
and 04.5). These are observationally defined by the relative 



strength of the He! to Hell lines dConti & Alschulerl Il97ll) . 
IWalborn et all d2002l) additionally denned the early 02, 02.5 
and 03.5 subtypes, but because the 02 sub-type classification 
involves the nitrogen (N) sequence rather than the He sequence, 
these additional sub-types are not (yet) universally accepted. For 
instance, MSH05 do not use them. For numerical simplicity, we 
employ the range of sub-types 02 to 09.5, divided into bins of 
0.5 width, and with luminosity classes: V (main-sequence), III 
(giant), and I (supergiant). 

These sub-type-luminosity-classes (from now on spectral 
type boxes) are defined by six vertices each, the four corner 
points and the mean values between the central points of each 
box. Each vertice is described by a luminosity and a r e jf . Panel 
MW of Fig. [TJ shows these boxes for the solar metallicity grid. 
The central points of the boxes (marked with crosses) are the 
new O star spectral type calibrations by MSH05. Table [TJ shows 
the values of the vertices for the solar metallicity spectral boxes. 
As the subtypes 03.5 and 04.5 are not provided by MSH05, the 
corresponding values (shown as black dots in Panel A of Fig. QJ 
are derived by interpolation between 03 and 04, and 04 and 05, 
respectively. For the 02 and 02.5 subtypes, which are not used 
by MSH05, their results are extrapolated to these classes (open 
circles in Panel A of Fig. QJ. The following fits to their theoreti- 
cal r e ff calibration are used to define the r e jf values for 02 and 
02.5 for the three luminosity classes: 



(1) 



were ST is the spectral subtype. With these T e ff values and 
MSH05 Eqs. (3), (4) and (5), the corresponding luminosities are 
calculated. The upper limit for the supergiants is set by the em- 
pirical hot edge o f the Luminous Blue Variables (LBV) from 
ISmifh et alJ d200l log 10 (L, maia ) = 2.2056-log 10 (r eff )-3.7737. 
If a star is above this line it is regarded to be an LBV. The lower 
limit is somewhat arbitrarily set as a parallel line to the lumi- 
nosity class V, shifted towards higher temperatures. The border 
betw een the Q9.5 and B O subclasses is set by the BO definitions 
from Zorec et al. (2009) for the r e ff and the luminosities from 
ISearle et all d2008l) . Whenever a star is earlier than 02, it is des- 
ignated O2.0 If* in the Tablesg]to[7]and[9] 

Naturally, such a scheme is not to be expected to be in full 
compliance with how the spectral indices for O stars change with 
T e fi. To compensate for this, a general error of 1000K is assumed 
for all r e ff values used. 

About one third of the stars with dynamical mass esti- 
mates (Table [2]i are located in the LMC. This dwarf galaxy 
has a considerably l ower metallicity than solar (zlmc ~ 0.008, 
Ivan den B ergh 2000) and therefore solar metallicity spectral def- 
initions and evolutionary models might not represent these stars 
well. Especially the T e fi scal e of LMC m etallicity stars is well 
above solar metallicity ones dlvani|2009). As a comprehensive 
study of O type spectral classes like MSH05 does not exist for 
LMC metallicity stars, the s ample of LMC O and early B-type 
stars o flMokiem et alJd2007l) is used to fit the following relations 
between T e fi and log 10 (L) for LMC metallicity O stars. 



Class I : 


Tefi = 


48598 


-(ST 


*2016) 


Class III : 


Tefi = 


49045 


-(ST 


* 2034) 


Class V : 


T e fi - 


50941 


-(ST 


* 1978), 



2 For the context of this publication massive stars are solely O stars 
that are thought to have masses of about 16 M Q and larger. 



Class I (LMC) 
Class III (LMC) 
Class V (LMC) 



Class I (LMC) : log 10 (L) = 6.269 -(ST * 0.08698) 



Tefi = 


50597 


T e fi - 


53713 


Tefi = 


56143 



(2) 
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Class III (LMC) : log 10 (L) = 6.170 -(ST * 0.11850) (3) 
Class V (LMC) : log 10 (L) = 6.073 -(ST* 0.12877). 

The resulting spectral type grid is shown in Tableland as Panel 
LMC of Fig. [T] 

While there are no eclipsi ng binaries in T able [2] with SMC 
metallicities (zsmc ~ 0.004, van den Bergh 2000), a recent 
r e ff c alibration for O stars in the SMC does exist (Hea p et alj 
2006). Their data are used to derive the following T e g and lumi- 
nosity relations in dependence of the spectral subtype. 



Class I (SMC) 
Class III (SMC) 
Class V (SMC) 



r eff = 48000 - (S T* 1857) 
r eff = 47456 - (S T* 1715) 
T eS = 51660 -(ST* 2092), 



(4) 



Class I (SMC): log 10 (L) 
Class III (SMC) 
Class V (SMC) 



6.258 -(ST* 0.09048) 
log 10 (L) = 6.216 -(ST* 0.10763) 
log 10 (L)= 5.750 -(ST* 0.08798). 



(5) 



Like in the other two cases the spectral type grid is included 
in Table Q] and it is shown in Panel SMC of Fig.Q] As is visi- 
ble in Fig. Q] and Table [1] the SMC T e g grid is shifted to lower 
temperatures compared to the LMC grid. The reason for this is 
non-trivial, and deserves a thorough analysis using SMC metal- 
licity NLTE atmosp heres, whi ch is beyond the scope of this pa- 
per. Note that the iHeap et aTl d2006h sample only includes one 
star with a spectral type earlier than 04. This star is not included 
in the relations, but the relations are used from 02 to 09.5. 

In order to assign a certain spectral subtype and luminosity 
class to a spe cific evolutionary point in time, stellar evolution 
models from iMevnet & Mae der (2003) (see also appendix lAl 
are followed throughout the r e ff-L-diagram. This is visualized 
in Fig.|2l where the luminosity- and r e ff-evolution for six rotat- 
ing as well as non-rotati ng stellar models from 20 to 120 M 
(IMevnet & Maederl2 003) are plotted (rotating models as dashed 
lines and non-rotating ones as dotted lines). In this figure, only 
the part of the evolution before the Wolf-Rayet (WR) stage is 
depicted. Objects that ar e still assumed to be core hydrogen are 
classified as WNL stars (Ha mann et alj2006l) . However, we note 
that the WNL classification is only used in appendix [B] The 
present-day mass of a model during its evolution through a spec- 
tral subclass is from now on referred to as evolutionary mass 
(Afevcd). 

Table |4] shows the new spectral type mass conversion, based 
on so lar metallicity rotating ev olutionary models from 10 to 120 
M Q (IMevnet & Maederl 120031) . The rotating models have ini- 
tial rotational velocities (v rot ;„;) of 300 km/s, which results in 
v ro t during the Main-Sequence evolution of 180 to 240 km/s. 
These velocities are within the range observed for O stars 
dMokiem et alJl2006h . A table with non-rotating models is pro- 
vided as Table [5] As the Me vnet & Mae der (2003) models only 
provide a limited mass resolution, a special interpolation rou- 
tine (described in detail in appendix [A} is deployed in order to 
provide a mass resolutio n down to 1 M Q . For LMC metallicity 
IMevnet & Maederl d2005l) provide only four models (30, 40, 60 
and 120 M Q , all rotating with 300 km/s), two addi tional models 
(15 a nd 20 M ) are taken from the Padova group dBertelli et alj 
2009). The resulting spectral type mass conversion for LMC 
metallicity stars is show n in Table [6] For SMC metallicities, 
IMevnet & Maederl d2003l) only include three (all rotating) mod- 
els (40, 60 and 120 M ). Again, two models are added here (15 
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Fig. 1. Definitions of the solar metallicity O star spectral types 
in the luminosity-temperature diagram derived from MSH05 
(panel MW), the LMC metallicity (panel LMC) and the SMC 
metallicity (panel SMC) derived in this work. Panel MW shows 
the original MSH05 data as crosses and the interpolated 3.5 and 
4.5 subclasses as filled circles. Plotted as filled boxes are the ex- 
trapolated subtypes 2.5 and 2. The open circles connected by 
solid lines representes the interpolated grid that defines the L 
and r e ff values for each spectral subtype. The luminosity classes 
are indicated as Roman numerals (I - supergiants, III - giants and 
V - dwarfs), while the spectral subtypes are shown by Arabic nu- 
merals. The upper limit (dotted line) is given by the hot edg e for 
luminous blue variables (LBV) given in lSmith et alj d2004l) . All 
interpolations are derived by calculating mean values in linear 
space. Panel LMC sh ows the LMC metallicity grid derived from 
Mok iem et al.1 d2007l) and panel SM C the one for SMC metallic- 
ity obtained from lHeap et alj d2006l) . 



and 20 M ) from lBertelli et alj d2009l) in order to derive a spec- 
tral type mass conversion (Table[7j. 

The masses shown in the Tables [4] to [7] are all weighted by 
the duration of the models in each spectral class. The errors are 
assigned by using the most- and least-massive model entering 
the spectral class. As mentioned before, each spectral class has 
an assumed error in T e s of 1000 K. The minimal and maximal 
start and end ages give the range of possible ages for the stars in 
a spectral-class box. The advantage of using this method is the 
consistent application of observational constraints for the differ- 
ent evolutionary phases on one set of stellar evolution models. 
This allows one to place more constraints for the stars in a cer- 
tain spectral class on the range of their initial and present-day 
masses. 

A number of ot her mass estimate s for spectral types exist i n 
the literature, e.g. lVacca et all d 19961) and lHanson et al.1 dl997l) . 
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Table 1. Spectral type definitions. 

Lum. class: I I I/III III III/V V V I I I/III III III/V V V 

Sp. type L\ L 2 L 3 L 4 L5 L 6 L 7 r effl ?eff2 T tf!3 r eff4 T effs r eff6 r eff7 



Milky Way, z = 0.02 



2.0 


6 


45 


6 


08 


6 


07 


6 


06 


6 


06 


6 


05 


5 


93 


43182 





45070 


5 


45277 


5 


45484 


5 


46482 





47479 


5 


50906.1 


2.0/2.5 


6 


43 


6 


05 


6 


03 


6 


01 


5 


99 


5 


97 


5 


84 


42128 





44063 





44265 


2 


44467 


5 


45479 





46490 


5 


50119.0 


2.5/3.0 


6 


41 


6 


02 


5 


98 


5 


95 


5 


92 


5 


88 


5 


71 


41198 





43055 





43252 


8 


43450 


5 


44378 


2 


45306 





48459.0 


3.0/3.5 


6 


38 


5 


99 


5 


94 


5 


90 


5 


85 


5 


80 


5 


61 


40221 





42089 





42333 


5 


42578 





43447 


5 


44317 





47698.0 


3.5/4.0 


6 


35 


5 


96 


5 


90 


5 


85 


5 


79 


5 


72 


5 


50 


38993 





41164 


5 


41507 


2 


41850 





42784 


2 


43718 


5 


46767.0 


4.0/4.5 


6 


33 


5 


93 


5 


86 


5 


79 


5 


72 


5 


64 


5 


40 


37883 





40156 


5 


40574 





40991 


5 


41970 


5 


42949 


5 


45987.0 


4.5/5.0 


6 


29 


5 


89 


5 


82 


5 


73 


5 


65 


5 


56 


5 


31 


36501 





39065 


5 


39533 


8 


40002 





41006 





42010 





44930.0 


5.0/5.5 


6 


26 


5 


85 


5 


77 


5 


67 


5 


58 


5 


46 


5 


17 


35426 





37795 





38275 





38755 





39778 





40801 





43384.0 


5.5/6.0 


6 


23 


5 


80 


5 


71 


5 


60 


5 


49 


5 


36 


5 


02 


34274 





36408 


5 


36873 


2 


37338 





38222 


2 


39106 


5 


41418.0 


6.0/6.5 


6 


20 


5 


76 


5 


66 


5 


53 


5 


41 


5 


25 


4 


85 


33161 





35200 


5 


35684 


5 


36168 


5 


36828 


5 


37488 


5 


39197.0 


6.5/7.0 


6 


16 


5 


72 


5 


61 


5 


46 


5 


33 


5 


15 


4 


68 


31782 





33990 





34570 


5 


35151 





35664 


8 


36178 


5 


37546.0 


7.0/7.5 


6 


10 


5 


67 


5 


55 


5 


40 


5 


26 


5 


05 


4 


56 


30118 





32619 


5 


33341 





34062 


5 


34518 


8 


34975 





36067.0 


7.5/8.0 


6 


07 


5 


62 


5 


50 


5 


33 


5 


18 


4 


95 


4 


45 


29164 





31461 





32245 


5 


33030 





33465 


5 


33901 





34962.0 


8.0/8.5 


6 


05 


5 


59 


5 


46 


5 


27 


5 


11 


4 


86 


4 


36 


28443 





30756 


5 


31443 


8 


32131 





32541 


8 


32952 


5 


33796.0 


8.5/9.0 


6 


03 


5 


56 


5 


42 


5 


21 


5 


04 


4 


77 


4 


26 


27831 





30036 


5 


30624 


8 


31213 





31618 





32023 





32797.0 


9.0/9.5 


5 


99 


5 


52 


5 


37 


5 


15 


4 


97 


4 


67 


4 


14 


26781 





28999 


5 


29741 


8 


30484 





30745 





31006 





31476.0 


9.5/B0.0 


5 


93 


5 


46 


5 


32 


5 


10 


4 


92 


4 


60 


4 


03 


25003 





27570 





28610 


2 


29650 


5 


29872 


2 


30094 





30458.0 



LMC, z = 0.008 



2.0 


6 


41 


6 


12 


6 


05 


5 


96 


5 


91 


5 


85 


5 


68 


41508.5 


46752 


5 


48104 


8 


49457 





50667 


8 


51878 


5 


55897.2 


2.0/2.5 


6 


38 


6 


07 


6 


00 


5 


91 


5 


85 


5 


78 


5 


61 


40283.8 


45653 


5 


46947 


2 


48241 





49450 


2 


50659 


5 


54943.8 


2.5/3.0 


6 


37 


6 


03 


5 


95 


5 


85 


5 


79 


5 


72 


5 


50 


39683.0 


44555 





45790 





47025 





48233 





49441 





53444.5 


3.0/3.5 


6 


35 


5 


99 


5 


90 


5 


79 


5 


73 


5 


66 


5 


39 


39022.4 


43457 





44633 





45809 





47016 





48223 





52034.5 


3.5/4.0 


6 


33 


5 


94 


5 


85 


5 


73 


5 


66 


5 


59 


5 


30 


37894.6 


42358 


5 


43475 


8 


44593 





45798 


8 


47004 


5 


50877.5 


4.0/4.5 


6 


31 


5 


90 


5 


80 


5 


67 


5 


60 


5 


53 


5 


18 


37213.6 


41259 


5 


42318 


2 


43377 





44581 


2 


45785 


5 


49402.0 


4.5/5.0 


6 


29 


5 


86 


5 


75 


5 


61 


5 


54 


5 


46 


5 


07 


36491.9 


40161 





41161 





42161 





43364 





44567 





47899.7 


5.0/5.5 


6 


26 


5 


81 


5 


70 


5 


55 


5 


48 


5 


40 


4 


98 


35433.6 


39063 





40004 





40945 





42147 





43349 





46752.2 


5.5/6.0 


6 


24 


5 


77 


5 


65 


5 


49 


5 


42 


5 


33 


4 


86 


34696.0 


37964 


5 


38846 


8 


39729 





40929 


8 


42130 


5 


45189.8 


6.0/6.5 


6 


22 


5 


73 


5 


60 


5 


43 


5 


36 


5 


27 


4 


74 


33924.5 


36865 


5 


37689 


2 


38513 





39712 


2 


40911 


5 


43611.8 


6.5/7.0 


6 


19 


5 


68 


5 


55 


5 


37 


5 


30 


5 


21 


4 


64 


32916.7 


35767 





36532 





37297 





38495 





39693 





42351.4 


7.0/7.5 


6 


16 


5 


64 


5 


51 


5 


31 


5 


24 


5 


14 


4 


55 


31972.0 


34669 





35375 





36081 





37278 





38475 





41106.1 


7.5/8.0 


6 


14 


5 


60 


5 


46 


5 


25 


5 


17 


5 


08 


4 


42 


31193.2 


33570 


5 


34217 


8 


34865 





36060 


8 


37256 


5 


39428.9 


8.0/8.5 


6 


11 


5 


55 


5 


41 


5 


20 


5 


11 


5 


01 


4 


31 


30225.8 


32471 


5 


33060 


2 


33649 





34843 


2 


36037 


5 


38048.1 


8.5/9.0 


6 


08 


5 


51 


5 


36 


5 


14 


5 


05 


4 


95 


4 


19 


29428.4 


31373 





31903 





32433 





33626 





34819 





36405.0 


9.0/9.5 


6 


06 


5 


47 


5 


31 


5 


08 


4 


99 


4 


88 


4 


05 


28610.5 


30275 





30746 





31217 





32409 





33601 





34681.6 


9.5/BO.O 


6 


02 


5 


42 


5 


26 


5 


02 


4 


93 


4 


82 


3 


94 


27671.5 


29176 


5 


29588 


8 


30001 





31191 


8 


32382 


5 


33242.4 


SMC, z = 0.004 


2.0 


6 


53 


6 


10 


6 


07 


6 


03 


5 


86 


5 


60 


4 


96 


46917.2 


44750 





44602 


5 


44455 





46227 





47999 





52669.3 


2.0/2.5 


6 


49 


6 


06 


6 


02 


5 


97 


5 


81 


5 


55 


4 


90 


45049.5 


43822 





43709 


5 


43597 





45275 





46953 





51428.8 


2.5/3.0 


6 


46 


6 


01 


5 


97 


5 


92 


5 


76 


5 


51 


4 


85 


43774.8 


42893 


5 


42816 


5 


42739 


5 


44323 


2 


45907 





50368.6 


3.0/3.5 


6 


43 


5 


96 


5 


92 


5 


87 


5 


71 


5 


46 


4 


79 


42452.5 


41964 


5 


41923 


5 


41882 


5 


43371 


8 


44861 





49111.0 


3.5/4.0 


6 


40 


5 


92 


5 


87 


5 


81 


5 


66 


5 


42 


4 


74 


41089.1 


41036 





41030 


5 


41025 





42420 





43815 





48033.9 


4.0/4.5 


6 


37 


5 


87 


5 


82 


5 


76 


5 


61 


5 


38 


4 


69 


39810.7 


40108 





40137 


5 


40167 





41468 





42769 





46941.5 


4.5/5.0 


6 


34 


5 


83 


5 


77 


5 


71 


5 


56 


5 


33 


4 


63 


38628.1 


39179 


5 


39244 


5 


39309 


5 


40516 


2 


41723 





45651.1 


5.0/5.5 


6 


31 


5 


78 


5 


72 


5 


65 


5 


51 


5 


29 


4 


57 


37368.2 


38250 


5 


38351 


5 


38452 


5 


39564 


8 


40677 





44529.7 


5.5/6.0 


6 


28 


5 


74 


5 


67 


5 


60 


5 


46 


5 


24 


4 


51 


36280.7 


37322 





37458 


5 


37595 





38613 





39631 





43206.9 


6.0/6.5 


6 


25 


5 


69 


5 


62 


5 


54 


5 


41 


5 


20 


4 


45 


35050.1 


36394 





36565 


5 


36737 





37661 





38585 





42054.0 


6.5/7.0 


6 


22 


5 


65 


5 


58 


5 


49 


5 


35 


5 


16 


4 


41 


33833.2 


35465 


5 


35672 


5 


35879 


5 


36709 


2 


37539 





41021.0 


7.0/7.5 


6 


18 


5 


60 


5 


53 


5 


44 


5 


30 


5 


11 


4 


34 


32587.5 


34536 


5 


34779 


5 


35022 


5 


35757 


8 


36493 





39633.7 


7.5/8.0 


6 


15 


5 


56 


5 


48 


5 


38 


5 


25 


5 


07 


4 


28 


31619.5 


33608 





33886 


5 


34165 





34806 





35447 





38400.6 


8.0/8.5 


6 


11 


5 


51 


5 


43 


5 


33 


5 


20 


5 


02 


4 


21 


30408.0 


32680 





32993 


5 


33307 





33854 





34401 





36963.8 


8.5/9.0 


6 


08 


5 


47 


5 


38 


5 


27 


5 


15 


4 


98 


4 


15 


29471.1 


31751 


5 


32100 


5 


32449 


5 


32902 


2 


33355 





35654.6 


9.0/9.5 


6 


04 


5 


42 


5 


33 


5 


22 


5 


10 


4 


94 


4 


09 


28277.4 


30822 


5 


31207 


5 


31592 


5 


31950 


8 


32309 





34292.1 


9.5/BO.O 


6 


01 


5 


38 


5 


28 


5 


17 


5 


05 


4 


89 


4 


01 


27363.6 


29894 





30314 


5 


30735 





30999 





31263 





32750.0 



but only the most recent one by MSH05 is used here. These mod- 
els provide spectroscopic stellar masses that are derived from the 
stellar luminosity, L, and T e s of NLTE stellar atmosphere mod- 
els through 



M : 



gR 1 



where G equals Newton's gravitational constant, and g is the 
gravitational acceleration of the star at radius R: 



R = 



(7) 



where cr R is the Stefan-Boltzmann constant. iMartins et alj 
(6) (2005) provide two mass estimates, one for a theoretical T e ff cal- 
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Fig. 2. Similar as panel A of Fig. [T| but only the spectral subtype 
boxes are shown as a grid of solid lines. The dashed lines are 
rotating and the dotted li nes non-rotating solar met allicity stel- 
lar evolutionary tracks bv lMevnet & Maederl d2003l) with initial 
masses as indicated in the figure. Only evolutionary phases be- 
fore the Wolf-Rayet stage are plotted. 



ibration (wimshi ) an d one f° r an observational T e g calibration 

(»JMSH2)- 

Instead of using spectral type calibrations, a more di- 
rect way to derive spectroscopic masses is by carefully fit- 
ting model atmospheres to high-resolution spectra, where both 
g, and r e ff are dete rmined simultaneously (see for example 
Reno lust et al.ll2.Q04l) . Together with its absolute magnitude it is 
possible to arrive at a mass using Eqs. (|6]l and (Q. A sample 
of spectroscopic masses derived with this method will also be 
compared with dynamical and model masses. 

2.1. Limitations 

Although the results presented here cover a large parameter 
space, they involve some caveats. First of all, both the employed 
Meynet & Maeder (2003) stellar evolution models, as well as the 
MSH05 stellar atmospheres, which define our spectral classes, 
only cover solar metallicity (z = 0.02). Metallicity is known to 
have a very strong influence on the evolution and atmospheres 
of (O) stars via their metallicity-dependent winds. The newly 
developed spectral type definitions for LMC and SMC metallic - 
ities are a first step to loosen these limitations, but are not as 
thoroughly based as the MSH05 work for solar metallicity. 

Table [9] shows the spectral evolution of a series of massive 
stellar m odels of different metallicities (z = 0.004, 0.008, 0.02 
and 0.04. lMevnet & Maederll2003ll2005h using the spectral type 
definitions in Table Q] While these spectral type definitions are 
based on solar metallicity atmospheres or empirical T e g calibra- 
tions (for z= 0.008 and z= 0.004), considerable differences in 
the evolution are noticeable. 

Another relevant aspect for the evolution of massive stars 
concerns binary evolution. Because many (if not most) mas- 



sive stars are part of a binary system, often with consider- 

I 1 1 ,.| I . 1 1 I 

able secondary masses (Preibischetal. 1999; Anai et al. 2007; 
Kob ulnickv & Fryerl 120071; iRitchie et all 120091; I Weidner et ail 
2009: ISana et all 1201 Oh . they could be capable of influencing 
each other's evolution in a profound manner. Because all ob- 
servations presented in Table|2]involve eclipsing binaries, all the 
objects must form tight pairs with reasonably large stars, and 
therefore binary evolution is bound to be important, but it is a 
non-trivial matter to account for it. 

As was mentioned in the introduction, an additional poten- 
tial prime source for errors in the mass determination concerns 
the atmosphere and wind parameters, as well as the mass-loss 
prescription employed in the evolutionary models. 

3. Dynamical masses of eclipsing binaries 

In recent years, observational techniques allowed us to measure 
masses of very massive stars directly by observing the orbits of 
massive eclipsing binaries. In Table [2] the dynamical mass esti- 
mates for 33 very massive stars are listed. The majority of the 
stars (22) are from a compilation bv lGiesI ((2003), who provides 
three lists with massive binaries from the literature. His first list 
shows detached systems, the second one non-eclipsing binaries 
(with lower mass limits only) and the third systems, which are ei- 
ther dynamically evolved (semi-detached or contact systems) or 
contain giants or supergiants. All but two systems from the first 
list are included in Table [2] as are three systems form the third 
list, two of them are given as being before the interaction stage 
and the supergiant V729 Cyg. The systems with lower limits 
only and the ones which are dynamically evolved are not suit- 
able for the current study and are therefore not included. The 
remaining ecli psing binarie s except one are from literature pub- 
lished after the lGiesI d2003l) list, but which contain the necessary 
data fo r this study. The exception is WR22 B, which is not cov- 
ered in lGiesld2003h because the primary is a Wolf-Rayet star. 

The dynamical masses from Table [2] involve present-day 
masses instead of initial masses. This is accounted for by not 
only comparing the evolving parameters with the luminosity 
and T e ff grid, but by simultaneously keeping track of the initial 
mass. Therefore, in Table [4] the initial stellar mass for a spec- 
tral type is given as well as the possible minimal and maximal 
mass when the stars enter and leave the respective spectral type. 
Additionally, the minimal and maximal age is given when the 
models enter and leave a spectral type. 

In addition to dynamical mass determinations, several spec- 
troscopic masses exist for O-type stars. Table [3] s hows a compi- 
lation of these spectroscopic masses taken from Renolus T et al.l 
(12001 . besides the MSH05 masses and the evolutionary masses 
presented in this work. 

4. Results and discussion 

The Tables|4]and|5]show the determined initial masses as well as 
the m ean, minimal, and maxima l present-day masses according 
to the iMevnet & Maederl (120031) rotating (300 km/s) and non- 
rotating stellar evolution models, and the MSH05 O star spectral 
type definition. Tables|6]and|7]show the same for LMC and SMC 
metallicities, respectively. The errors shown for the mass deter- 
mination are the lowest mass and maximum mass models that 
pass through the spectral type. They also include an error mar- 
gin of + 1000 K for the MSH05 spectral type definitions. The 
differences in the supergiant mass errors from one subtype to the 
next have two main reasons. Spectral types later than O 6.5 I are 
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Table 2. Eclipsing O-star binaries with dynamical mass estimates. 



Star 


Sp Type 


"^dynamical 


"?MSH1 


"JMSH2 


mini 


m cvo i 


"Jstart 


'"end 


Ref. 


MW 


HD93205A 


03V 


56.0± 4.0 


58.3 


58.0 


67 


-9/+9 


65 -7/+7 


67 -9/+6 


64 -6/+ 8 


(1) 


F015 A 


05.5V 


30.0+ 1.0 


34.2 


34.4 


40 -7/+ 8 


39 -6/+7 


39 -6/+6 


38 -5/+7 


(2) 


F015 B 


09.5V 


16.0+ 1.0 


16.5 


15.6 


18 


-5/+4 


18 -5/+4 


18-5/+4 


18 -5/+4 


(2) 


Theta Orionis C 1 


06Vpe 


35.8± 7.2 


31.7 


31.0 


35 


-7/+6 


34 -6/+5 


34 -6/+5 


33 -6/+6 


(3) 


V1036 Sco A 


06V 


32.0+ 4.0 


31.7 


31.0 


35 


-7/+6 


34 -6/+5 


34 -6/+5 


33 -6/+6 


(4) 


V1036 ScoB 


07V 


32.0± 4.0 


26.5 


25.3 


28 


-6/+ 8 


27 -5/+7 


27 -5/+6 


27 -5/+7 


(4) 


LSI 135 A 


06.5V 


30.0± 1.0 


29.0 


28.0 


31 


-7/+6 


30 -6/+6 


30 -6/+5 


30 -6/+6 


(5) 


V729 Cyg 


07Ianfp 


47.0± 9.0 


40.9 


38.4 


47 • 


•9/+36 


39 -5/+23 


40 -6/+23 


39 -5/+ 24 


(4) 


VI 007 Sco A 


07.5111° 


29.5± 0.4 


29.1 


27.4 


33 


-5/+6 


31 -4/+4 


31 -5/+4 


31 -4/+5 


(6) 


V1007 ScoB 


07111" 


30.1±0.4 


31.2 


29.6 


36 


-5/+7 


34 -4/+5 


34 -4/+5 


33 -4/+5 


(6) 


V3903 Sgr A 


07V 


27.3± 6.0 


26.5 


25.3 


28 


-6/+ 8 


27 -5/+7 


27 -5/+6 


27 -5/+7 


(4) 


V3903 Sgr B 


09V 


19.0+ 4.0 


18.0 


17.1 


19 


-5/+5 


19 -5/+4 


19 -5/+4 


19 -5/+4 


(4) 


CPD -59 2603 A 


07V 


22.7± 4.0 6 


26.5 


25.3 


28 


-6/+ 8 


27 -5/+7 


27 -5/+6 


27 -5/+7 


(4) 


CPD -59 2603 B 


09.5V 


14.5± 4.0* 


16.5 


15.6 


18 


-5/+4 


18 -5/+4 


18 -5/+4 


18 -5/+4 


(4) 


VI 182 Aql A 


08Vnn 


31.0± 0.6 


21.9 


20.8 


23 


-6/+6 


22 -5/+6 


22 -5/+6 


22 -5/+6 


(7) 


EM Car A 


08V 


22.9± 3.0 


21.9 


20.8 


23 


-6/+6 


22 -5/+6 


22 -5/+6 


22 -5/+6 


(4) 


EM Car B 


08V 


21.4± 3.0 


21.9 


20.8 


23 


-6/+6 


22 -5/+6 


22 -5/+6 


22 -5/+6 


(4) 


CC Cas 


08.5111 


18. 3± 5.0 


24.8 


23.7 


29 


-5/+6 


27 -4/+5 


27 -4/+5 


27 -4/+5 


(4) 


WR22B 


09V 


20.6± 1.7 


18.0 


17.1 


19 


-5/+5 


19 -5/+4 


19 -5/+4 


19 -5/+4 


(8) 


V478 Cyg A 


09.5V 


16.6± 9.0 


16.5 


15.6 


18 


-5/+4 


18 -5/+4 


18 -5/+4 


18 -5/+4 


(4) 


V478 Cyg B 


09.5V 


16.3± 9.0 


16.5 


15.6 


18 


-5/+4 


18 -5/+4 


18 -5/+4 


18 -5/+4 


(4) 


CPD -59 2628 A 


09.5V 


14.0± 20.0 


16.5 


15.6 


18 


-5/+4 


18 -5/+4 


18 -5/+4 


18 -5/+4 


(4) 


LMC 


LMC MACHO 053441.3 A 


03If 


41.2± 12.0 


66.9 


67.5 


81 ■ 


■10/+9 


72 -8/+9 


82 -10/+6 


76 -5/+7 


(4) 


LMC MACHO 053441.3 B 


06V 


27.0± 12.0 


31.7 


31.0 


37 


-5/+ 3 


36 -4/+3 


37 -5/+ 3 


36 -4/+3 


(4) 


LMC R136-38 A 


03V 


56.9+ 6.0 


58.3 


58.0 


64 


-7/+7 


64 -7/+7 


64 -7/+7 


64 -7/+7 


(4) 


LMC R136-38 B 


06V 


23.4± 2.0 


31.7 


31.0 


37 


-5/+3 


36 -4/+3 


37 -5/+ 3 


36 -4/+3 


(4) 


LMC R136-42 A 


03V 


40.3± 1.0 


58.3 


58.0 


64 -7/+7 


64 -7/+7 


64 -7/+7 


64 -7/+7 


(4) 


LMCR136-42B 


03V 


32.6± 1.0 


58.3 


58.0 


64 


-7/+7 


64 -7/+7 


64 -7/+7 


64 -7/+7 


(4) 


LH 54-425 A 


03V 


50.0± 10.0 


58.3 


58.0 


64 


-7/+7 


64 -7/+7 


64 -11+1 


64 -7/+7 


(9) 


LH 54-425 B 


05V 


30.0+ 6.0 


37.3 


38.1 


44 


-5/+5 


44 -5/+5 


44 -5/+4 


43 -4/+5 


(9) 


LMC R136-77 A 


05.5V 


28.9± 3.0 


34.2 


34.4 


40 


-5/+4 


40 -5/+4 


40 -5/+4 


39 -4/+4 


(4) 


LMC R136-77 B 


05.5V 


26.2± 3.0 


34.2 


34.4 


40 


-5/+4 


40 -5/+4 


40 -5/+4 


39 -4/+4 


(4) 


LMC-SC1-105 A 


07V 


30.9± 1.0 


26.5 


25.3 


31 


-5/+ 3 


30 -4/+ 3 


31 -5/+ 3 


30 -4/+ 3 


(10) 



Notes. For these massive stars dynamical mass estimates, m iyn , exist from the orbits of binaries. The other mass estimates are from the theoretical 
r c (f calibration (minsHi) and observational calibration (rriMsm) by MSH05, together with the initial («ij n i), mean evolutionary (w evo i), minimal 
(ra start ) and maximal (m enl j) present-day mass from this work. The horizontal lines separates objects in the LMC from Galactic ones. All masses are 
in M Q . For the Milky Way stars Table|4]was used to derive the masses and for the LMC stars Table|6] <a) Different luminosity class determinations 
exist in the literature. The most recent one was used. (6) Error assumed as none given. (c) Luminosity class V was assumed. 

Refer enc es. 1 : iMorrell et alj <2001h:lGiesl j2003h. 2 : iNiemela etaU d2006h. 3 : iKraus et al.1 d2009h. 4; iGiesI j2003l) . 5:lFernandez Laius & Niemelj 
(2006), 6: Maver et all l2008\ 7: Mayer et all d2005h. 8:ls"chweickhardt et alj dl999). 9: Williams et al.U2008'). 10: Bonanos (200j| 



reached during stellar evolution from the hot end by more mas- 
sive stars and the cold end by less massive stars. This results in 
a larger range of possible masses. Also, the subtypes are not of 
the same area in the L-T e s -space (see Fig. [TJ. Therefore, some 
subtypes simply have a higher probability to be encountered by 
the model tracks. It would be possible to reduce these errors by 
introducing more luminosity classes, like II, la and lb. But no 
MSH05 definitions for these classes presently exist. 



Furthermore, the table shows the mean time the models 
spend in each spectral type box. Again, the errors are defined by 
the lowest and most-massive model passing through the spec- 
tral type box, including a + 1 000 K uncertainty for the spectral 
type definitions. Note that the lMevnet~& Maeder (120031) models 
show considerable jumps in and luminosity when the stars 
enter the Wolf-Rayet phase. These extremely fast crossings (< 
50000 years) through the HR-Diagram are not included in the 
tables. 



The newly arrived spectral-type-mass relation, as arrived in 
Sect. |2 is now compared with the dynamical (Tabled and liter- 
ature spectroscopic (TableO mass estimates from Sect. [3] 

4.1. Comparison with dynamical masses 

In Fig.|3]the results of the MSH05 and the present-day mass esti- 
mates are compared with dynamical mass estimates for massive 
stars from the literature as shown in Table[2] Inspecting the mass 
estimates, a very large spread is noticeable. 

The results of a linear correlation analysis for all stars in the 
sample are shown in Table [8] For each sample, the slope and 
offset of a best-fitting linear relation are given together with the 
correlation coefficients. The "MSH1" column provides the mass 
estimates from MSH05 using the theoretical T e s scale, whilst 
"MSH2" gives the results from their observational T e g scale, 
"ini", "evol", "start" and "end" are the results arrived at here, 
with "ini" marking the results for initial masses of the models, 
"start" the evolved mass when a star enters a spectral type and 
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Table 3. O-star with spectroscopic mass estimates. 



Star 


Sp Type 


"^spectroscopic 


"Jmshi 






HD93129A" 


02If* 


94.8 -28.8/+41.3 


66.9 + 


67.5 + 


95- 


33/+25 


HD 14947 


051 


30.7 -9.2/+13.1 


50.9 


50.7 


47 


-4/+ 17 


HD210839* 


061 


62.2 -24.9/+41.5 


45.8 


44.1 


42 


■3/+ 15 


HD 192639 


071 


37.5 -11.2/+16.1 


40.9 


38.4 


39 


-5/+24 


HD193514 


071 


28.2 -8.5/+ 12.1 


40.9 


38.4 


39 


-5/+24 


HD2 10809 


091 


21.7 -6.6/+9.4 


32.0 


29.6 


33 


-5/+ 11 


HD207198 


091 


29.0 -8.7/+12.5 


32.0 


29.6 


33 


■5/+ 11 


HD30614 


09.51 


37.6 -11.2/+16.1 


30.4 


27.8 


32 


-5/+ 13 


HD209975" 


09.51 


31.4 -9.4/+13.4 


30.4 


27.8 


32 


-5/+ 13 


HD15558" 


05III 


78.7 -23.7/+33.8 


41.5 


40.4 


47 


-5/+6 


HD193682 


05III 


27.9 -8.2/+ 11.7 


41.5 


40.4 


47 


-5/+6 


HD 190864 


06.5111 


20.3 -6.1/+8.7 


33.7 


32.0 


36 


-4/+5 


HD24912 


07.5111 


26.1 -7.6/+ 10.9 


29.1 


27.5 


31 


-4/+5 


HD203064 


07.5111 


35.9 10.3/+14.9 


29.1 


27.5 


31 


-4/+5 


HD191423 C 


09III 


24.6 -7.0/+11.2 


23.1 


22.0 


26 


-4/+5 


HD93128 


03V 


39.8 -12.0/+17.2 


58.3 


58.0 


65 


-7/+8 


HD93250 


03V 


83.3 -25.1/+36.0 


58.3 


58.0 


65 


-7/+8 


HD66811 


04V 


53.9 -19.5/+30.8 


46.2 


46.9 


54 -6/+7 


HD 15629" 


05V 


30.4 -9.1/+13.1 


37.3 


38.1 


44 


-6/+7 


HD217086 


07V 


14.2 -4.0/+6.3 


26.5 


25.3 


27 


-51+1 


HD149757* 


09V 


20.2 -5.7/+8.8 


18.0 


17.1 


19 


-51+5 



Notes. Mass estimates arrived at by spectral line fitting (m spcctroscopic ) from Rep olust et al.l (2004). Additionally, the mass estimates from MSH05 
(o'mshi and niMsm) and this work (m cvo i) are shown. All masses are in M e . <o) Member of a binary system. ib) Runaway star. <r) Extremely fast 
rotator. 




lo gl ( m dynamic/ M e) 

Fig. 3. Comparison of the different mass estimates with dy- 
namically determined stellar masses. The solid line marks a 
one-to-one correspondence between model and dynamical mass. 
Open circles show the masses for the MSH05 theoretical O star 
r e ff scale, closed circles for the MSH05 observational tempera- 
ture scale and open boxes mark the mean masses derived in this 
work. 



"end" the one when he leaves it. "Evol" is the mean mass com- 
puted from m start and m en d- With an offset very close to 0, a slope 
of nearly 1, and a correlation coefficient of ~0.9, the MSH05 
mass estimates agree very well with the dynamical masses of 



the sample. Furthermore, the minimal, maximal, and evolution- 
ary present-day masses, which are calibrated on the theoretical 
r e ff scale of MSH05, agree very well with the observed dynam- 
ical masses. The offsets are quite close to and slopes simi- 
larly close to 1, whilst the correlation coefficients are ~ 0.9 too. 
The present-day dynamical masses are therefore quite well re- 
produced by the models. Note that the errors for the MSH05 
based fits are always smaller than the fits with the here-derived 
values. This is because the MSH05 values involve no errors, and 
the fit only contains errors in the dynamical masses. The values 
derived here values also have their own error estimate. 

In Figs. [4] to [6] the dynamical masses from Table [2] (open 
circles) are shown together with the present-day mass range 
('Wstart to m en d) for the models (shaded region), for the super- 
giants (Fig. giants (Fig. [3j and dwarfs (Fig. [6). Evidently, 
most of the dynamical measurements agree well with the models 
within the error bars. For supergiants and giants the mass ranges 
for different metallicities are nearly indistinguishable. Only the 
non-rotating evolutionary models stand out in the case of the su- 
pergiants. Because the dependence of mass loss on rotation is not 
understood very well, this discrepancy is likely very dependent 
on the assumptions in the stellar evolutionary code. For dwarf 
stars only the SMC metallicity mass ranges differ visibly from 
the solar and LMC estimates. Somewhat surprisingly, the early- 
type SMC dwarfs seem to have lower masses than their MW and 
LMC cousins, according to the models and definitions used here. 
This is almost certainly because of the earl ier mentioned perhaps 
unexpected fact that the lHeap et alJ d2006l) SMC O stars result in 
a lower T e g scale for O stars than for LMC objects. 

Interestingly, all but two of the (dwarf) stars located in the 
LMC (en-circled circles in Fig. [6]i lie below the here derived 
solar and LMC metallicity evolutionary mass ranges, indepen- 
dent of rotation and metallicity. Only the allowed mass range for 
SMC metallicity covers these stars. 

This might be because of binary stellar evolution because it 
is more difficult to access if the stars are detached or not in the 
LMC. The lower metallicity of the LMC might also not be ac- 
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Table 4. Theoretical masses for O stars from rotating stellar models. 



Spectral 


m im 




'^start 


'"end 


^start,min 


^start,max 


^end,min 


^end,max 


type 


M B 




M B 


M a 


Myr 


Myr 


Myr 


Myr 


O 2.0 If 


107 -27/+ 13 


95 -33/+ 25 


107 -45/+ 13 


83 -21/+11 


0.0 


1.5 


0.1 


1.8 


2.01 


95 -18/+ 22 


79-19/+15 


84 -24/+ 10 


75 -14/+ 11 


0.9 


1.8 


1.2 


2.0 


2.51 


86 -14/+27 


72 -14/+ 14 


76-18/+9 


67 -9/+ 16 


1.2 


2.1 


1.4 


2.3 


O3.0I 


79 -10/+ 29 


66-10/+16 


69-12/+12 


62 -7/+ 18 


1.4 


2.5 


1.6 


2.5 


3.51 


72 -8/+31 


60 -8/+ 18 


62-10/+15 


58 -5/+ 20 


1.6 


2.4 


1.9 


2.5 


O4.0I 


66 -7/+31 


55 -9/+ 19 


57 -7/+ 17 


54 -7/+21 


1.9 


2.8 


2.2 


2.8 


4.51 


60 -4/+33 


50 -5/+23 


52 -6/+20 


47 -3/+ 24 


2.2 


2.9 


2.5 


3.1 


5.01 


57 -5/+26 


47 -4/+ 17 


48 -5/+ 15 


45 -2/+ 18 


2.6 


3.2 


2.9 


3.4 


5.5 I 


54 -6/+23 


44 -3/+ 16 


45 -4/+ 14 


43 -2/+ 17 


2.9 


3.9 


3.2 


4.0 


O6.0I 


51 -6/+21 


42 -3/+ 15 


43 -4/+ 14 


41 -2/+16 


3.3 


4.1 


3.6 


4.2 


6.5 I 


47 -6/+26 


39 -3/+ 18 


40 -4/+ 17 


39 -3/+ 18 


3.6 


4.3 


3.9 


4.5 


O7.0I 


47 -9/+36 


39 -5/+24 


40 -6/+23 


39 -5/+ 24 


3.8 


4.7 


4.1 


4.7 


7.51 


43 -7/+39 


37 -4/+26 


37 -5/+25 


36 -4/+26 


4.2 


5.1 


4.5 


5.1 


O8.0I 


42 -7/+38 


35 -4/+26 


36 -5/+24 


35 -3/+26 


4.6 


5.3 


4.7 


5.4 


8.51 


40 -7/+41 


33 -4/+ 25 


34 -4/+25 


33 -3/+ 11 


4.7 


5.7 


4.8 


5.7 


O9.0I 


40 -9/+43 


33 -5/+ 11 


33 -5/+ 11 


33 -4/+ 11 


4.9 


6.0 


4.9 


6.0 


9.51 


37 -8/+47 


32 -5/+ 13 


32 -5/+ 12 


31 -5/+ 13 


5.0 


6.4 


5.1 


6.4 


O 2.0 III 


86 -12/+7 


77-18/+12 


78 -19/+11 


76-17/+11 


0.6 


1.4 


0.7 


1.8 


O 2.5 III 


79 -10/+7 


71 -14/+9 


73 -16/+7 


69-12/+11 


0.8 


1.8 


1.0 


2.1 


O 3.0 III 


73 -8/+7 


65 -11/+8 


68-13/+6 


62 -8/+ 11 


1.0 


2.1 


1.2 


2.5 


O 3.5 III 


67 -7/+ 8 


60 -8/+8 


62 -7/+6 


58 -6/+ 10 


1.1 


2.8 


1.3 


2.8 


4.0 III 


62 -6/+8 


56 -6/+8 


57 -5/+6 


54 -5/+ 8 


1.2 


2.7 


1.4 


3.0 


O 4.5 III 


57 -6/+7 


51 -4/+7 


52 -5/+5 


50 -3/+7 


1.4 


2.9 


1.7 


3.2 


O 5.0 III 


52 -6/+7 


47 -5/+6 


48 -6/+4 


46 -4/+6 


1.6 


3.2 


2.0 


3.6 


O 5.5 III 


47 -7/+8 


43 -5/+6 


44 -6/+5 


42 -4/+6 


1.9 


3.5 


2.4 


3.9 


O 6.0 III 


43 -6/+7 


39 -4/+6 


39 -5/+5 


39 -4/+5 


2.4 


3.8 


2.8 


4.1 


O 6.5 III 


39 -5/+7 


36 -4/+5 


37 -4/+5 


36 -4/+5 


2.8 


4.1 


3.4 


4.3 


O 7.0 III 


36 -5/+7 


34 -4/+6 


34 -4/+5 


33 -4/+5 


3.2 


4.6 


3.7 


4.7 


O 7.5 III 


33 -5/+6 


31 -4/+5 


31 -5/+4 


31 -4/+5 


3.7 


5.0 


4.1 


5.2 


O 8.0 III 


31 -6/+6 


29 -5/+5 


29 -5/+5 


29 -5/+5 


4.1 


5.5 


4.5 


5.6 


O 8.5 III 


29 -5/+6 


27 -4/+5 


27 -4/+5 


27 -4/+5 


4.5 


5.9 


4.9 


6.1 


O 9.0 III 


27 -5/+6 


26 -4/+5 


26 -4/+5 


26 -4/+5 


5.1 


6.6 


5.3 


6.7 


O 9.5 III 


26 -5/+5 


24 -4/+5 


24 -4/+4 


24 -4/+4 


5.5 


7.1 


5.7 


7.3 


O2.0 V 


86-11/+8 


83 -23/+9 


85 -25/+8 


81 -21/+11 


0.0 


1.1 


0.1 


1.3 


2.5 V 


76-12/+7 


73 -10/+7 


75 -11/+6 


71 -8/+8 


0.0 


1.0 


0.1 


1.5 


O3.0 V 


67 -9/+9 


65 -7/+ 8 


67 -9/+6 


64 -6/+9 


0.0 


1.4 


0.1 


1.8 


3.5 V 


61 -8/+8 


59 -6/+7 


60 -7/+6 


58 -5/+8 


0.0 


1.8 


0.1 


1.9 


O4.0 V 


56 -8/+7 


54 -6/+7 


55 -7/+5 


53 -5/+7 


0.0 


1.7 


0.1 


2.1 


4.5 V 


51 -8/+6 


49 -6/+6 


50 -7/+5 


49 -6/+6 


0.0 


2.0 


0.1 


2.4 


O5.0 V 


45 -7/+ 8 


44 -6/+7 


45 -7/+6 


43 -5/+7 


0.0 


2.2 


0.1 


2.7 


5.5 V 


40 -7/+ 8 


39 -6/+7 


39 -6/+6 


38 -5/+7 


0.0 


2.6 


0.1 


3.1 


O6.0 V 


35 -7/+6 


34 -6/+6 


34 -6/+5 


33 -6/+6 


0.0 


3.1 


0.2 


3.6 


6.5 V 


31 -7/+6 


30 -6/+6 


30 -6/+5 


30 -6/+6 


0.0 


3.6 


0.1 


4.1 


O7.0 V 


28 -6/+8 


27 -5/+7 


27 -5/+6 


27 -5/+7 


0.0 


4.1 


0.4 


4.6 


7.5 V 


25 -5/+7 


25 -5/+7 


25 -5/+6 


25 -5/+6 


0.0 


4.6 


0.3 


5.1 


O8.0 V 


23 -6/+6 


22 -5/+6 


22 -5/+6 


22 -5/+6 


0.0 


5.1 


0.1 


5.5 


8.5 V 


21 -6/+5 


21 -6/+5 


21 -6/+5 


21 -6/+5 


0.0 


5.5 


0.2 


6.1 


O9.0 V 


19 -5/+5 


19 -5/+5 


19 -5/+4 


19 -5/+4 


0.0 


6.2 


0.2 


6.8 


9.5 V 


18 -5/+4 


18 -5/+4 


18 -5/+4 


18 -5/+4 


0.0 


6.8 


0.2 


7.5 



Notes. Theoretical masses for O stars from rotating solar metallicity stellar evolution models (Mevnet & Maeder 2003). The first mass (mini) 
denotes the initial mass of the model weighted by the time the star resides in that spectral type. The weighting is done in order to present the most 
likely mass for a spectral type. The lower and upper mass limit show which range of initial masses can reach a certain spectral type. The mean 
mass of the star which stays longest in a certain spectral type is denoted by ra cvo i. The third mass (m start ) is the mass with which the star starts when 
entering this spectral type while the fourth mass (ra C nd) is the mass at the end of the stay in that particular spectral type. For each subclass is also 
given the minimal and maximal age the models when they enter it feart.min! 'start.max) and when the leave fcnd.min! fend,max)- 



counted for correctly either in the evolutionary models or in the 
atmosphere models. The large distance to these stars compared 
to the rest of the sample might also influence the observed val- 
ues. However, removing these nine stars from the already small 
sample of only 30 stars would strongly reduce its significance. 

In one case (VI 182 Aql A) the initial mass is slightly above 
the dynamical mass for its spectral type, even when considering 



the uncertainties in the observational and model mass determi- 
nation. This might be caused by a somewhat optimistic obser- 
vational error (+ 0.6 M ) or can be because of binary stellar 
evolution effects such as mass transfer, or excess irradiation of 
one stellar hemisphere in tidally locked configurations. 
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Table 5. Theoretical masses for O stars from non-rotating stellar models. 



Spectral 


Mini 




WIstart 


"lend 


^start,min 


^stait.max 


^end,min 


^end.max 


type 


M Q 




Me 


Me 


Myr 


Myr 


Myr 


Myr 


2.0 If 


105 -23/+ 15 


101 -19/+19 


105 -23/+ 15 


96 -14/+ 13 


0.0 


1.0 


0.1 


1.2 


O2.0I 


103 -17/+17 


93-15/+15 


94-16/+14 


93-15/+15 


0.9 


1.4 


1.1 


1.4 


2.51 


99-18/+21 


89-16/+18 


90 -16/+ 17 


89-15/+18 


1.1 


1.5 


1.2 


1.6 


O3.0I 


97 -21/+23 


86 -18/+ 20 


87 -18/+ 19 


86-17/+19 


1.2 


1.7 


1.3 


1.7 


3.51 


96 -24/+24 


84-19/+21 


84-19/+20 


83 -19/+ 20 


1.3 


1.8 


1.4 


1.9 


O4.0I 


94 -27/+26 


81 -21/+ 22 


82 -21/+21 


81 -21/+21 


1.4 


2.0 


1.5 


2.0 


4.51 


91 -29/+29 


78 -22/+ 24 


79 -23/+23 


78 -22/+ 22 


1.5 


2.2 


1.6 


2.3 


O5.0I 


78 -20/+42 


68 -16/+32 


68-16/+31 


68 -15/+31 


1.7 


2.5 


1.7 


2.5 


5.51 


68 -14/+49 


60-11/+37 


60-11/+36 


60-11/+36 


1.7 


2.7 


1.8 


2.8 


O6.0I 


66 -16/+19 


58-13/+15 


58 -13/+14 


58-12/+15 


2.1 


3.0 


2.1 


3.0 


6.51 


64-18/+21 


56-14/+17 


56 -14/+ 16 


56-14/+16 


2.2 


3.3 


2.2 


3.3 


O7.0I 


61 -20/+24 


53-16/+18 


54-16/+18 


53-15/+18 


2.3 


3.7 


2.3 


3.7 


7.51 


53-14/+32 


47 -11/+ 24 


47 -11/+ 24 


47 -11/+ 24 


2.3 


3.9 


2.3 


4.0 


O8.0I 


48-11/+35 


43 -9/+ 27 


43 -8/+ 26 


43 -9/+ 26 


2.4 


4.3 


2.4 


4.3 


8.51 


46-10/+35 


41 -8/+ 27 


42 -8/+ 26 


41 -8/+ 27 


2.5 


4.4 


2.5 


4.5 


O9.0I 


45 -11/+15 


40 -9/+ 12 


41 -9/+ 11 


40 -8/+ 11 


3.1 


4.8 


3.1 


4.8 


9.51 


44-13/+16 


38 -8/+ 15 


40-10/+12 


36 -7/+ 14 


3.1 


5.3 


3.2 


5.4 


2.0 III 


88 -5/+6 


82 -6/+7 


83 -6/+6 


82 -5/+7 


0.6 


1.2 


0.8 


1.4 


2.5 III 


81 -5/+6 


75 -5/+6 


76 -5/+5 


74 -4/+7 


0.8 


1.4 


1.0 


1.5 


3.0 III 


74 -6/+7 


69 -6/+7 


70 -7/+6 


68 -5/+7 


1.0 


1.6 


1.2 


1.7 


3.5 III 


69 -7/+7 


64 -6/+7 


64 -6/+6 


63 -6/+7 


1.1 


1.7 


1.3 


1.9 


4.0 III 


64 -7/+ 8 


59 -6/+8 


59 -6/+7 


58 -5/+ 8 


1.3 


1.9 


1.4 


2.1 


4.5 III 


59 -7/+8 


54 -6/+8 


55 -6/+7 


54 -5/+7 


1.4 


2.1 


1.6 


2.3 


5.0 III 


54 -6/+9 


50 -5/+8 


51 -5/+7 


50 -5/+ 8 


1.6 


2.4 


1.9 


2.6 


O 5.5 III 


49 -8/+9 


45 -7/+ 8 


46 -7/+7 


45 -6/+8 


1.9 


2.8 


2.2 


2.9 


O 6.0 III 


44 -6/+ 10 


41 -5/+9 


42 -5/+ 8 


41 -5/+8 


2.3 


3.2 


2.5 


3.3 


O 6.5 III 


41 -6/+9 


38 -5/+8 


39 -5/+7 


38 -5/+7 


2.7 


3.6 


2.8 


3.7 


O 7.0 III 


38 -6/+8 


36 -5/+7 


36 -5/+7 


36 -5/+7 


3.1 


4.1 


3.1 


4.1 


O 7.5 III 


34 -5/+ 8 


33 -5/+7 


33 -5/+6 


33 -5/+6 


3.4 


4.5 


3.4 


4.6 


O 8.0 III 


32 -6/+7 


30 -5/+7 


30 -5/+6 


30 -5/+6 


3.7 


5.0 


3.7 


5.1 


O 8.5 III 


30 -6/+7 


28 -5/+7 


28 -5/+6 


28 -5/+6 


4.0 


5.5 


4.0 


5.6 


O 9.0 III 


28 -5/+7 


27 -4/+6 


27 -4/+6 


27 -4/+6 


4.3 


5.9 


4.4 


6.0 


O 9.5 III 


27 -6/+6 


26 -5/+6 


26 -5/+5 


26 -5/+5 


4.6 


6.7 


4.7 


6.7 


O2.0V 


85-11/+8 


82 -9/+ 8 


84-10/+7 


81 -7/+9 


0.0 


1.0 


0.1 


1.2 


2.5 V 


74-13/+9 


72 -11/+8 


74-13/+6 


71 -10/+8 


0.0 


1.1 


0.1 


1.4 


O 3.0 V 


66 -10/+ 10 


64 -8/+9 


65 -9/+7 


63 -7/+9 


0.0 


1.4 


0.1 


1.6 


O 3.5 V 


60 -9/+9 


58 -7/+ 8 


59 -8/+7 


57 -6/+8 


0.0 


1.5 


0.1 


1.7 


O4.0 V 


54 -8/+9 


53 -7/+8 


53 -7/+7 


52 -6/+8 


0.0 


1.7 


0.1 


1.9 


4.5 V 


49 -8/+8 


48 -7/+7 


49 -8/+6 


48 -7/+7 


0.0 


1.9 


0.1 


2.1 


O5.0 V 


44 -7/+9 


43 -6/+8 


44 -7/+7 


42 -6/+8 


0.0 


2.1 


0.1 


2.4 


5.5 V 


39 -7/+9 


38 -6/+8 


39 -7/+7 


38 -6/+ 8 


0.0 


2.4 


0.1 


2.8 


O6.0V 


34 -8/+8 


33 -7/+8 


33 -7/+7 


33 -7/+7 


0.0 


2.9 


0.1 


3.3 


6.5 V 


30 -7/+ 8 


29 -6/+8 


29 -6/+7 


29 -6/+7 


0.0 


3.3 


0.1 


3.7 


O7.0 V 


27 -6/+ 8 


26 -5/+8 


26 -5/+7 


26 -5/+7 


0.0 


3.7 


0.2 


4.2 


7.5 V 


24 -5/+ 8 


24 -5/+7 


24 -5/+7 


24 -5/+7 


0.0 


4.2 


0.1 


4.6 


O 8.0 V 


22 -5/+7 


22 -5/+7 


22 -5/+6 


22 -5/+6 


0.0 


4.7 


0.2 


5.2 


8.5 V 


20 -5/+6 


20 -5/+6 


20 -5/+5 


20 -5/+5 


0.0 


5.2 


0.2 


5.7 


O9.0V 


19 -5/+5 


19 -5/+5 


19 -5/+5 


19 -5/+5 


0.0 


5.7 


0.2 


6.4 


9.5 V 


17 -4/+5 


17 -4/+5 


17 -4/+4 


17 -4/+4 


0.0 


6.4 


0.2 


7.2 



4.2. Comparison with spectroscopic masses 

Spectroscopic mass determinations are the only other empiri- 
cal method to derive stellar masses for single stars and non- 
eclipsing binaries. The hot and usually rapidly-rotating O stars 
have very broad spectral features, which often result in large er- 
ror bars from the line-fitting techniques used to fit model spectra 
to observation s . The literature spectroscopic mass values from 
iRepolust et al.l (120041) are shown in Tableland are also plotted 
in Figs. |4] to [6] as filled circles. The spread seems to be some- 
what larger than the spread of the dynamical mass estimates 
and it should be noted that several (3 out of 21) of the spec- 
troscopic measurements are so far outside the predictions that 
the error bars do not overlap. Two of these three stars are giants 



(HD190864 and HD193682) and one is a dwarf (HD217086). 
Reassuringly, all supergiants (Fig. |4]l overlap at least with their 
error bars with the model predictions, and apart from the men- 
tioned exceptions all giants and dwarfs, too. 

The large spread and the three outlying stars might be be- 
cause of the generally much larger errors of the sp ectroscopic 
masse s determinations compared to dynamical ones. Heap et all 
(2006) find in their study of SMC stars that the mass discrepancy 
is reduced but not eliminated when using NLTE line-blanketed 
model atmospheres. They suggest that the remaining difference 
is actually a signature of fast rotation that would lower the ap- 
parent surface gravity. As also indicated in Table [3] some of the 
stars are known binaries and two runaway stars are also included 
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Table 6. Theoretical masses for O stars from rotating LMC (z=0.008) stellar models. 



Spectral 


Mini 


"levol 


"Istart 


"lend 


^stait,min 


^stait.max 


^end,min 


^end,max 


type 


M Q 




Me 


Me 


Myr 


Myr 


Myr 


Myr 


2.0 If 


107 -25/+ 13 


100-18/+19 


107 -25/+ 13 


94-12/+10 


0.0 


2.4 


0.1 


2.5 


O2.0I 


96 -10/+ 10 


86-10/+10 


90-10/+6 


82 -6/+ 11 


0.8 


2.5 


1.1 


2.7 


2.51 


88 -10/+9 


79 -8/+9 


82-10/+6 


76 -5/+7 


1.0 


2.7 


1.1 


2.8 


O3.0I 


81 -11/+10 


72 -8/+9 


75 -10/+6 


70 -6/+7 


1.3 


3.0 


1.3 


3.0 


3.51 


74 -11/+ 12 


66 -8/+8 


68 -9/+6 


64 -6/+8 


1.6 


3.1 


1.9 


3.1 


O4.0I 


67 -9/+ 13 


60 -7/+ 8 


61 - 7/+7 


59 -6/+8 


1.9 


3.2 


2.0 


3.2 


4.51 


62 -8/+ 16 


56 -6/+ 10 


57 -7/+9 


55 -5/+ 10 


2.3 


3.2 


2.5 


3.3 


O5.0I 


58 -8/+ 20 


52 -6/+ 14 


53 -6/+ 13 


52 -6/+ 14 


2.5 


3.6 


2.8 


3.7 


5.51 


55 -9/+22 


49 -7/+ 16 


50 -7/+ 15 


49 -6/+ 16 


2.8 


4.0 


2.8 


4.0 


O6.0I 


52 -9/+25 


47 -7/+ 19 


47 -7/+ 18 


46 -6/+ 18 


3.1 


4.0 


3.1 


4.1 


6.51 


49 -10/+28 


44 -7/+21 


44 -7/+21 


43 -7/+21 


3.1 


4.3 


3.1 


4.4 


O7.0I 


46 -9/+ 30 


41 -7/+23 


42 -7/+ 22 


41 -6/+23 


3.1 


4.7 


3.2 


4.7 


7.51 


43 -8/+ 12 


39 -6/+8 


40 -7/+7 


39 -6/+8 


4.2 


5.0 


4.2 


5.1 


O8.0I 


41 -9/+ 12 


38 -7/+ 8 


38 -7/+ 8 


37 -7/+8 


4.4 


5.5 


4.4 


5.5 


8.51 


39 -9/+ 13 


36 -7/+9 


36 -7/+9 


36 -7/+9 


4.5 


5.9 


4.6 


5.9 


O9.0I 


37 -8/+ 14 


34 -6/+ 10 


34 -7/+9 


34 -6/+ 10 


4.6 


6.2 


4.7 


6.3 


9.51 


37-10/+13 


33 -7/+ 10 


34 -8/+9 


33 -7/+ 10 


4.8 


7.4 


4.8 


7.4 


2.0 III 


87 -10/+ 10 


84 -9/+ 10 


86-10/+8 


83 -7/+ 11 


0.0 


1.5 


0.1 


1.7 


2.5 III 


78 -10/+12 


76 -9/+ 11 


77 -11/+9 


75 -8/+ 12 


0.0 


1.8 


0.1 


2.0 


3.0 III 


70-10/+12 


67 -9/+ 12 


69 -10/+ 10 


66 -8/+ 12 


0.1 


2.2 


0.4 


2.2 


3.5 III 


62 -7/+ 12 


60 -6/+ 11 


61 -7/+9 


59 -5/+ 11 


0.2 


2.2 


0.6 


2.5 


4.0 III 


57 -6/+9 


54 -5/+9 


55 -5/+7 


54 -4/+9 


0.5 


2.5 


1.1 


2.8 


4.5 III 


52 -5/+7 


50 -5/+7 


50 -5/+5 


49 -4/+6 


0.8 


2.8 


1.1 


3.0 


5.0 III 


48 -6/+7 


46 -5/+7 


46 -5/+6 


45 -5/+6 


1.1 


3.4 


1.6 


3.4 


O 5.5 III 


44 -5/+7 


42 -4/+7 


42 -4/+6 


41 -4/+7 


1.6 


3.7 


1.6 


3.7 


O 6.0 III 


40 -4/+ 8 


39 -4/+7 


39 -4/+6 


38 -4/+7 


1.9 


3.9 


2.5 


4.0 


O 6.5 III 


37 -4/+7 


36 -4/+7 


36 -4/+6 


35 -3/+6 


2.4 


4.3 


3.0 


4.4 


O 7.0 III 


34 -4/+5 


33 -4/+5 


33 -4/+4 


33 -3/+4 


2.9 


4.4 


3.2 


4.8 


O 7.5 III 


32 -4/+6 


31 -3/+6 


31 -3/+5 


31 -3/+6 


3.4 


4.9 


3.5 


5.3 


O 8.0 III 


30 -4/+5 


29 -3/+5 


29 -3/+5 


29 -3/+5 


3.8 


5.4 


4.7 


5.9 


O 8.5 III 


28 -4/+5 


27 -3/+5 


27 -4/+5 


27 -3/+5 


4.4 


6.1 


5.0 


6.4 


O 9.0 III 


25 -3/+5 


25 -3/+5 


25 -3/+4 


25 -3/+4 


5.4 


7.1 


5.5 


7.1 


O 9.5 III 


23 -2/+5 


23 -2/+5 


23 -2/+4 


23 -2/+4 


5.8 


7.2 


6.2 


7.7 


O2.0V 


80 -8/+6 


80 -8/+5 


80 -8/+5 


80 -8/+5 


0.0 


0.1 


0.1 


0.4 


2.5 V 


72 -9/+6 


72 -9/+6 


72 -9/+5 


72 -9/+6 


0.0 


0.4 


0.1 


0.8 


O 3.0 V 


64 -7/+7 


64 -7/+7 


64 -7/+7 


64 -7/+7 


0.0 


0.8 


0.1 


1.1 


O 3.5 V 


58 -5/+6 


57 -5/+6 


58 -5/+6 


57 -4/+7 


0.0 


0.8 


0.1 


1.4 


O4.0 V 


53 -5/+4 


53 -5/+4 


53 -5/+4 


52 -5/+4 


0.0 


1.2 


0.1 


1.7 


4.5 V 


49 -6/+4 


48 -5/+4 


49 -6/+4 


48 -5/+4 


0.0 


2.0 


0.1 


2.0 


O5.0 V 


44 -5/+5 


44 -5/+5 


44 -5/+4 


43 -4/+5 


0.0 


2.0 


0.1 


2.5 


5.5 V 


40 -5/+4 


40 -5/+4 


40 -5/+4 


39 -4/+4 


0.0 


2.1 


0.1 


2.8 


O 6.0 V 


37 -5/+3 


36 -4/+3 


37 -5/+3 


36 -4/+3 


0.0 


3.0 


0.1 


3.2 


6.5 V 


34 -5/+3 


33 -4/+3 


33 -4/+3 


33 -4/+3 


0.0 


3.4 


0.1 


3.7 


O7.0 V 


31 -5/+3 


30 -4/+3 


31 -5/+ 3 


30 -4/+3 


0.0 


3.6 


0.1 


4.2 


7.5 V 


28 -5/+3 


28 -5/+3 


28 -5/+ 3 


27 -4/+ 3 


0.0 


4.2 


0.2 


4.8 


O 8.0 V 


25 -4/+4 


25 -4/+4 


25 -4/+ 3 


25 -4/+4 


0.0 


4.3 


0.1 


5.4 


8.5 V 


22 -4/+5 


22 -4/+5 


22 -4/+4 


22 -4/+4 


0.0 


5.8 


0.2 


6.1 


O9.0V 


20 -4/+4 


20 -4/+4 


20 -4/+4 


20 -4/+3 


0.0 


6.7 


0.1 


6.8 


9.5 V 


18 -2/+5 


18 -2/+5 


18 -2/+4 


18 -2/+4 


0.0 


6.7 


0.1 


7.5 



in the sample, though theses stars agree reasonably well with 
the models. For such objects binary stellar evolution could have 
strongly influenced the present-day mass, and/or spectrum of the 
star. Nonetheless, the evolutionary model based spectral-type- 
mass-relation derived here agrees with dynamical as well as 
spectroscopic mass estimates, suggesting the systematic mass- 
discrepancy problem might be solved. 



5. Summary and conclusions 

With the spectral type definition of MSH05, a relation between 
O star spectral type and its mass and age was derived for so- 
lar metallicity stars. This was achieved by taking stellar evolu- 



tion models dMevnet & M aeder 2003) and comparing their out- 
put luminosities and T e ff with the MS H05 spectral type defi- 
nitions. W ith the iMokiem et al.l (120071) study of O stars in the 
LMC, the iHeap et all (120061) data for SMC O stars and evo- 



lutionary tracks by|Meynet & Maederi (120051) and lBertelli et all 
(2009), similar spectral-type-mass-relations were derived for 
LMC and SMC metallicity. The resulting mass versus spectral- 
type relation agrees well with dynamical as well as spectroscopic 
mass measurements from the literature for MW and LMC main- 
sequence stars. For SMC stars, giants and supergiants too few or 
no dynamical mass estimates are available for an in-depth com- 
parison. 
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Table 7. Theoretical masses for O stars from rotating SMC (z=0.004) stellar models. 



Spectral 




"Jevol 


Mstart 


'"end 


^start,min 


* start,max 


^end.min 


^end,max 


type 


M e 




Me 


M a 


Myr 


Myr 


Myr 


Myr 


O 2.0 If 


90 -39/+30 


86 -35/434 


90 -39/430 


82 -31/426 


0.0 


2.5 


0.1 


2.5 


O2.0I 


97 -20/+23 


86-17/421 


87 -17/420 


86-16/420 


2.4 


2.6 


2.4 


2.7 


2.5I 


87 -17/+22 


78-14/418 


79-15/417 


77-13/418 


2.6 


2.8 


2.8 


2.9 


O3.0I 


80 -16/+19 


72-13/415 


72-13/414 


71 -12/415 


2.8 


3.0 


2.9 


3.1 


3.51 


75 -16/+18 


67-12/414 


67-13/413 


67-12/414 


3.0 


3.1 


3.1 


3.2 


O4.0I 


70-15/+18 


63 -12/414 


63-12/413 


62-11/414 


3.1 


3.3 


3.2 


3.4 


4.51 


65 -13/+18 


59-11/413 


59-11/412 


59-10/413 


3.3 


3.5 


3.3 


3.6 


O5.0I 


61 -13/+19 


55-10/414 


55 -10/414 


55-10/414 


3.4 


3.8 


3.4 


3.8 


5.51 


56 -11/+23 


51 -9/417 


52 -9/416 


51 -9/417 


3.4 


4.0 


3.4 


4.1 


O6.0I 


53 -12/+26 


49 -10/420 


49-10/419 


49-10/419 


3.4 


4.3 


3.4 


4.4 


6.51 


51 -12/+27 


47 -10/421 


47 -10/420 


47 -10/420 


3.4 


4.6 


3.4 


4.6 


O7.0I 


50-12/+28 


45 -9/422 


46 -9/421 


45 -9/422 


3.5 


4.9 


3.5 


4.9 


7.51 


47 -11/+30 


43 -9/423 


44 -9/423 


43 -9/423 


3.5 


5.3 


3.5 


5.3 


O8.0I 


46 -12/+ 14 


42-10/411 


42-10/411 


42-10/411 


4.2 


5.5 


4.2 


5.6 


8.51 


44-12/+16 


40-10/412 


41 -10/412 


40-10/412 


4.3 


5.9 


4.3 


6.0 


O9.0I 


44-13/+16 


40-11/413 


40-11/412 


40-11/412 


4.3 


6.4 


4.3 


6.4 


9.51 


41 -12/+18 


38-10/414 


38-10/414 


38-10/414 


4.6 


6.8 


4.6 


6.8 


O 2.0 III 


71 -11/+17 


67-10/415 


67 -10/414 


66 -9/415 


2.0 


2.5 


2.0 


2.6 


2.5 III 


65 -9/+ 15 


61 -8/413 


61 -8/413 


61 -7/413 


2.2 


2.8 


2.3 


2.8 


3.0 III 


60 -7/+ 13 


57 -6/411 


57 -6/411 


56 -6/411 


2.4 


2.8 


2.7 


3.0 


3.5 III 


56 -7/+ 10 


53 -6/49 


53 -6/49 


52 -6/49 


2.6 


3.0 


2.8 


3.2 


O 4.0 in 


52 -7/+7 


49 -6/47 


49 -6/46 


49 -6/47 


2.9 


3.4 


3.1 


3.4 


4.5 III 


48 -6/+8 


46 -5/47 


46 -5/47 


46 -5/47 


3.2 


3.5 


3.3 


3.7 


5.0 III 


45 -6/+8 


43 -5/48 


43 -5/47 


42 -5/47 


3.5 


3.7 


3.5 


3.9 


O 5.5 III 


42 -4/+7 


40 -4/47 


40 -4/46 


40 -3/46 


3.8 


4.0 


3.9 


4.2 


O 6.0 III 


39 -3/+6 


38 -3/45 


38 -3/45 


38 -3/45 


4.1 


4.4 


4.1 


4.5 


O 6.5 III 


37 -3/+5 


36 -3/45 


36 -3/44 


35 -3/45 


4.4 


4.8 


4.4 


4.9 


O 7.0 III 


35 -3/+4 


34 -3/44 


34 -3/43 


34 -3/44 


4.7 


5.2 


4.7 


5.2 


O 7.5 III 


33 -4/+4 


32 -3/44 


32 -3/43 


32 -3/43 


5.0 


5.4 


5.1 


5.6 


O 8.0 III 


32 -4/+4 


30 -3/44 


30 -3/44 


30 -3/44 


5.4 


5.9 


5.5 


6.1 


O 8.5 III 


30 -4/+4 


29 -4/44 


29 -4/44 


29 -4/44 


5.7 


6.4 


5.7 


6.5 


O 9.0 m 


28 -2/44 


27 -2/44 


27 -2/43 


27 -2/43 


6.1 


6.6 


6.1 


6.9 


O 9.5 III 


27 -7/44 


26 -6/44 


26 -6/44 


26 -6/44 


6.5 


7.4 


6.6 


7.5 


O2.0V 


57 -10/4-13 


56 -9/412 


56 -9/411 


56 -9/412 


0.0 


1.9 


0.1 


2.2 


2.5 V 


52 -8/+ 10 


51 -8/49 


52 -8/48 


51 -7/49 


0.0 


2.2 


0.1 


2.4 


O 3.0 V 


48 -8/49 


48 -8/48 


48 -8/47 


47 -7/48 


0.0 


2.6 


0.1 


2.6 


O 3.5 V 


45 -7/49 


44 -6/49 


44 -6/48 


44 -6/49 


0.0 


2.7 


0.1 


2.9 


O4.0 V 


42 -6/48 


41 -5/48 


41 -5/47 


41 -5/48 


0.0 


2.8 


0.1 


3.1 


4.5 V 


39 -6/48 


38 -5/48 


38 -5/47 


38 -5/48 


0.0 


3.1 


0.2 


3.4 


O5.0 V 


36 -5/47 


35 -5/47 


36 -5/46 


35 -4/46 


0.0 


3.5 


0.3 


3.7 


5.5 V 


34 -6/45 


33 -5/45 


33 -5/45 


33 -5/45 


0.0 


4.0 


0.1 


4.1 


O 6.0 V 


31 -5/47 


31 -5/47 


31 -5/46 


31 -5/46 


0.0 


4.1 


0.3 


4.4 


6.5 V 


29 -5/47 


29 -5/47 


29 -5/46 


28 -5/46 


0.0 


4.4 


0.5 


4.8 


O7.0 V 


27 -6/47 


26 -6/47 


26 -6/47 


26 -5/47 


0.0 


5.2 


0.5 


5.2 


7.5 V 


24 -5/48 


23 -5/48 


23 -5/48 


23 -5/48 


0.0 


5.2 


0.1 


5.6 


O 8.0 V 


21 -4/48 


21 -4/48 


21 -4/48 


21 -3/48 


0.0 


5.6 


1.7 


6.1 


8.5 V 


20 -4/48 


19 -4/48 


20 -4/48 


19 -4/48 


0.0 


6.1 


0.2 


6.7 


O9.0V 


18 -3/49 


18-3/49 


18 -3/48 


18-3/48 


0.0 


6.7 


0.9 


7.4 


9.5 V 


16 -3/47 


16 -3/47 


16 -3/47 


16 -3/47 


0.0 


7.4 


0.1 


8.3 



Table 8. Correlation function values. 

Value m M sm "'Msm mm mevoi nhum '"end 

offset 0.017 ± 0.300 -0.051 ±0.311 0.016 ± 0.308 0.052 ± 0.296 0.027 ± 0.295 0.053 ± 0.269 

slope 1.010 ± 0.207 1.048 ± 0.214 1.043 ±0.216 1.001 ± 0.206 1.029 ± 0.209 1.008 ±0.208 

corr.coeff. 0.887 ±0.118 0.879 ±0.115 0.871 ±0.184 0.858 ± 0.174 0.854 ± 0.170 0.855 ±0.173 



Tables|4]and|5]provide easy access to the mass estimates for 
a given spectral type based on rotating (Tabled and non-rotating 
(Table[5]l solar metallicity O star models. Tables|6]and|7]provide 
the same for LMC and SMC metallicity. 

Furthermore, the evolution of individual ste llar models 
dMevnet & Maederil2003l 120051: iBertelli et al.ll2009l) through the 
different spectral types are given in appendix [B] For the z = 



0.02 and 0.04 the MSH05 solar metallicity definitions of spec- 
tral types are used, while for z = 0.008 the LMC ones and for z 
= 0.004 the SMC ones. 

The new calibration of O star spectral types presented here 
with stellar evolution models provides a valuable new tool to 
derive O star masses, including initial and present-day masses, 
and includes an estimate of the errors. Furthermore, the minimal 
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6 

SP type 

Fig. 4. Comparison of the dynamical (open circles) and spectro- 
scopic (filled circles) mass measurements for luminosity class I 
objects (supergiants) with the evolutionary masses. The shaded 
region between the solid lines shows the full range (m stait to m en d) 
of evolutionary masses for the rotating solar metallicity mod- 
els. The dashed lines mark the upper and lower mass ranges 
for the non-rotating solar metallicity models, while the dotted 
lines bracket the possible masses for the rotating LMC metallic- 
ity models and the dashed-dotted lines enclose the SMC metal- 
licity models. Double encircled objects are located in the LMC. 



and maximal start and end ages for a given spectral class pro- 
vide relevant information for statistical studies of roughly solar- 
metallicity young stellar populations. The relation derived here 
between spectral type and evolutionary mass agrees very well 
with dynamical as well as spectroscopic mass estimates for O 
stars from the literature and is therefore quite robust. No system- 
atic discrepancy between dynamical, model and spectroscopic 
mass estimates could be found. 

Because there are still considerable error margins in the new 
calibration, more observational and theoretical effort is neces- 
sary in order to improve on these. Larger samples of O stars 
with homogeneously derived parameters and larger sets of evo- 
lutionary models with a broader range of initial conditions (v ro t, 
metallicity, magnetic fields and, especially initial mass) would 
help to improve the calibration. Interestingly, seven out of nine 
stars located in the LMC (en-circled circles in Figs. [4] and |6]l 
are below or at the lower end of the predicted evolutionary mass 
range. Even when considering an LMC metallicity luminosity- 
r e ff grid and evolutionary models (dashed lines in Figs. [4] to [6]). 
These systematically lower dynamic masses could have several 
reasons. The influence of metallicity on the atmosphere and stel- 
lar models might be underestimated or these stars could be un- 
detected contact systems instead of detached systems. Or stars 
earlier than 06 in the LMC are systematically misclassified and 
should all be shifted by one spectral subtype towards later types. 

An additional startling fact are the low T e g of the spectral 
type definitions for SMC metallicities and the resulting lower 
masses for early SMC O stars. This is probably because of the 




6 

SP type 

Fig. 5. Like Fig.|4]but for luminosity class III stars (giants). 




6 

SP type 

Fig. 6. Like Fig.|4]but for luminosity class V stars (dwarfs). 



lack of early O stars in the iHeap et al] (120061) SMC study used 
here to calibrate the SMC spectral types. Yet these lower masses 
fit the eclipsing LMC (!) early O stars much better than the hot 
LMC spectral type definitions. 

The other major source for uncertainties is massive binary 
evolution. It is a major obstacle, especially for giant and su- 
pergiant systems with dynamical mass estimates. These are 
generally short-period systems and the increasing radii of gi- 
ants and supergiants during their evolution make mass trans- 
fer highly likely. Whilst the modelling of the relevant pro- 
cesses has significantly improved in recent years (Eldridge et al. 
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2008: lLanger et al.ll2008t Ide Mink et alJl200% ISong et alj r2009: 
van R ensberge net al.l 201 Oh . the huge parameter space of hith- 



erto unknown initial conditions (mass ratio, eccentricity, period, 
orbital inclination) and the possibility of reaching the same fi- 
nal state from different initial ones makes a correction for binary 
stellar evolutionary effects most challenging. 

Given the internal consistency of the three model-dependent 
mass determinations (M evo i, M spec and M w i nc j) it would be tempt- 
ing to conclude that the basic properties of main-sequence O- 
type stars are now well understood. However, we point out that 
all that wind masses, the MSH05 calibrations, and the rotating 
Geneva stellar t racks all employ t he same underlying mass-loss 
prescriptions of IVink et al.l (l20p0|). and these have re cently been 
suggested to be too high (e.g. iFullerton et al]|2006l) as a result 
of wind clumping. If calls for a fundamental downwards revi- 
sion for O-star mass-loss rates were proven to be correct, this 
would undoubtedly result in the creation of new mass discrepan- 
cies. It may therefore be considered highly significant that cur- 
rent model masses seem to be backed up by model-independent 
dynamical masses - boosting confidence in our basic knowledge 
of the physical parameters, such as its mass-loss rate, and the 
modelling of the atmospheres and evolution of O-type stars. 

Ironically it appears that the O-stars are currently better 
unders tood than the adjace nt spectral type B-type stars, for 
which Cantiello et al. (2009, see their Fig. 10; with data from 
iTrundle et alj d2007l) and lHunter et al] d2008l) ) showed a highly 
significant mass discrepancy, with evolutionary masses up to a 
factor three larger than spectroscopic ones. 
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Appendix A: Stellar evolution 

The evolution of stars used in this work is based on the stel- 
lar evolution models for solar and n on- solar metallicity , rotat- 
ing w ith 300 km/s and non-rot ating bv lMevnet & Maederl d2003l) 
and lMevnet & Maederl |2005) and each t wo models with LMC 
and SMC metallicity (15 and 20 M Q ) bv lBertelli etail d2009). 
Model tracks are only provided for stars with 9, 12, 15, 20, 25, 
40, 60, 85 and 120 M for solar metallicity and even fewer for 
non-solar metallicity. As the lifetime of the stars and their re- 
spective evolutionary stages are dependent on the mass of the 
star, it is not possible to linearly interpolate between the track 
of a 40 and a 60 M star in order to get, for example, a 50 M 
star. Therefore, a special interpolation routine is employed here. 
The model tracks immediately above and below the target mass 
are normalized to their individual lifetimes (the point when the 
star becomes a neutron star or a black hole). Then the two nor- 
malized tracks are interpolated linearly to the target mass. The 
resulting track is then multiplied with the lifetime for the tar- 
geted star. This lifetime is linearly interpolated from the lifetime 
of the two input models. 

Figure [AT] shows the stellar evolution of a 85 M Q and a 120 
M Q star with time from iMevnet & Maederl d2003l) for several 
stellar parameters (luminosity, radius, mass, r e ff) together with 
an interpolated track of a 100 M Q star. 



Appendix B: Spectral-type-stellar evolution tables 

The following Table |9] shows the different spectral types that 
stellar evolution models reach during their lifetime. It uses so- 



lar met allicity (IMevnet & Maeder 2003) and non-solar metal- 
licities (IMevnet & Maederl 120051) and rotating (v ro t,mitiai = 300 
km/s) and non-rotating tracks between 20 and 120 M . In this 
table are also shown evolutionary phases that go beyond the 
O spectral type used in the current work. Below we describe 
how these additional phases are classified. As the surface abun- 
dances for several species (H, He, C, N, O, Ne and Al) are also 
given in the models, it is possible to assign the beginning of the 
hydrogen-rich Wolf-Rayet phase ( WNL) as soon the su rface hy- 
drogen abundance is below 60% (Haman n et al . 2006) and the 
helium-rich Wolf-Rayet phase (WNE) is given when the surface 
abundance of hydrogen is below 10~ 4 . Later on, stars are desig- 
nated as carbon-rich Wolf-Rayet stars (WC) when helium starts 
to be depleted on the surface and the carbon abundance rises 
above 10~ 4 . Exceptions from this scheme are made when the 
stars enter the Luminous Blue Variable (LBV), Yellow Hyper- 
Giant (YHG), Yellow Giant (YG), Blue Supergiant (BSG) or 
Red Supergiant (RSG) phases. The hot end of the LBVs is de- 
fined by log 10 (L LBV hot) = 2.2056 • log 10 (r eff ) - 3.7737 and 
on the cool edge b y ?lbv cool = 750 K with a lower limit of 
log IO (L/L ) = 5.3 (Smith et al.l l2004l). YHGs lie b etween 4500 
to 7500 K and log lo (L/L ) > 5.3 dSrmth et al.l2004 . Models that 
evolve between 4500 to 7500 K, but have log lo (L/L ) < 5.3, are 
named YGs. The BSGs are stars that are too cold for the 09.5 
III or the 09.5 I types, but that are still below the LBV limit and 
hotter than YHGs. And finally, RS Gs are stars colde r than 4500 
K and log 10 (L) > 3.55 log lo (L/L ) dLevesqudl2010l) . 

The evolutionary sequence for solar metallicity roughly 
agrees wi t h the currently used observational sequence by e.g. 
ICrowfheil(l2007h : 

- M mi&A > 75 M : O WNL -> LBV WNE -> WC -> 
SNIc, 

- Msmal = 40 - 75 M : O -> LBV -» WNE -» WC -» SNIc, 

- M initia i = 25 - 40 M : O -» LBV/RSG -» WNE -» SNIb. 

Where SNIb and SNIc are supernovae type lb and Ic, although 
it has recently been suggested that LBVs could explode early 
dKotak & Vinkll2006t iGal-Yam & Leonardl l2b09 ir ). which would 
significantly alter the later evolutionary phases of these types of 
schemes. 
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Fig. A.l. Panel A: Mass evolution over 4 Myr for a 85 M Q (solid line) and a 120 M star (dotted line) from literature data 
dMevnet & Maederll2003l) . The dashed line shows a 100 M star interpolated from the two models. Panel B: Luminosity evolu- 
tion over 4 Myr for the same three stars as in the panel A. Panel C: Radius evolution over 4 Myr for the same three stars as in panel 
A. Panel D: Effective temperature evolution over 4 Myr for the same three stars as in panel A. 
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Table 9. Spectral type evolution of stellar models. 



Age 


mass 


Luminosity 


T e g 


Sp. Type 


Age 


mass 


Luminosity 


T e ff 


Sp. Type 


Myr 


M Q 


log lo (L/L ) 


log 10 (K) 




Myr 


Mo 


log 10 (L/L o ) 


log 10 (K) 




solar metallicity (z = 0.02) 




= 120 M Q 


v rot = 300 km/s 


, z = 0.02 






m ini = 120 M 


0, v rot = km/s, z = 0.02 




0.0000000 


120.0000 


6.2310 


4.7050 


O 2.0 If* 


0.0000000 


120.0000 


6.2340 


4.7120 


O 2.0 If* 


1.3778912 


102.0845 


6.2700 


4.6660 


WNL 


1.1227475 


107.0192 


6.2530 


4.6420 


O2.0I 


2.1617455 


86.5949 


6.2980 


4.3500 


LBV 


1.2093965 


105.8202 


6.2550 


4.6320 


2.51 


2.8960620 


36.2371 


5.9300 


4.4030 


WNL 


1.2941639 


104.6224 


6.2580 


4.6220 


O3.0I 


3.1424342 


26.0184 


5.9820 


4.4230 


LBV 


1.4177116 


102.8426 


6.2620 


4.6050 


3.51 


3.1458282 


25.8019 


5.9880 


4.4350 


WNL 


1.4978035 


101.6792 


6.2650 


4.5930 


O4.0I 


3.1906745 


23.4728 


5.8080 


4.5920 


WNE 


1.6138339 


99.9870 


6.2700 


4.5790 


4.51 


3.2641200 


20.3641 


5.7360 


4.5750 


wc 


1.7257569 


98.3582 


6.2750 


4.5630 


O5.0I 


3.5503435 


11.2971 


5.4710 


4.7980 


WC 


1.7623851 


97.8324 


6.2770 


4.5560 


LBV 












2.7496870 


41.2601 


6.1690 


4.5080 


WNL 












2.7713165 


38.9317 


6.1310 


4.5120 


WNE 












2.7989238 


36.2017 


6.0930 


4.5090 


WC 












3.0980530 


16.2928 


5.7460 


4.8130 


WC 


m ini = 85 M Q , 


v rot = 300 km/s, z = 0.02 






m ini = 85 Mq, v ro t = km/s 


z = 0.02 




0.0000000 


85.0000 


5.9800 


4.6910 


O2.0 V 


0.0000000 


85.0000 


5.9840 


4.6990 


O 2.0 If* 


1.0302848 


79.4176 


6.0160 


4.6590 


O 2.0 III 


0.1533940 


84.3027 


5.9870 


4.6900 


O2.0 V 


1.4552295 


76.4990 


6.0360 


4.6450 


2.5 I 


0.9607395 


80.0894 


6.0100 


4.6600 


O 2.0 III 


2.0694338 


71.3398 


6.0710 


4.6320 


WNL 


1.2053038 


78.6074 


6.0190 


4.6470 


O 2.5 III 


2.7229040 


62.8013 


6.1040 


4.3780 


LBV 


1.2565218 


78.2833 


6.0200 


4.6440 


2.51 


3.1913865 


40.6504 


5.9420 


4.4060 


WNL 


1.4553924 


76.9794 


6.0280 


4.6310 


O3.0I 


3.7471715 


21.0334 


5.7310 


4.6420 


WNE 


1.5975672 


76.0046 


6.0340 


4.6190 


3.51 


3.8772150 


17.3227 


5.6510 


4.6420 


WC 


1.6891948 


75.3598 


6.0380 


4.6090 


O4.0I 


4.0856488 


12.3616 


5.5330 


4.8050 


WC 


1.8224420 


74.4070 


6.0440 


4.5940 


4.51 












1.9502418 


73.4820 


6.0510 


4.5800 


O5.0I 












2.0732452 


72.5979 


6.0570 


4.5600 


5.51 












2.1521198 


72.0525 


6.0620 


4.5410 


O6.0I 












2.2289090 


71.5513 


6.0670 


4.5260 


6.51 












2.3037808 


71.0943 


6.0730 


4.5050 


O7.0I 












2.4116148 


70.5319 


6.0810 


4.4690 


BSG 












2.4464302 


70.3800 


6.0840 


4.4580 


LBV 












3.1313858 


39.1867 


6.1750 


4.5230 


WNL 












3.1693195 


36.0928 


6.0530 


4.5900 


WNE 












3.1985408 


33.6245 


6.0170 


4.5210 


WC 












3.4635015 


17.2654 


5.7590 


4.8010 


WC 


m ini = 60 Mq, 


v rot = 300 km/s 


z = 0.02 






m; n i = 60 Mo, v rot = km/s 


z = 0.02 




0.0000000 


60.0000 


5.7020 


4.6680 


3.0 V 


0.0000000 


60.0000 


5.7080 


4.6750 


O3.0 V 


0.1958980 


59.6226 


5.7080 


4.6620 


3.5 V 


0.5715711 


58.8823 


5.7270 


4.6590 


3.5 V 


1.3372419 


56.9559 


5.7600 


4.6350 


O4.0 V 


1.3906442 


56.9734 


5.7600 


4.6350 


O4.0 V 


1.6336100 


56.0998 


5.7760 


4.6280 


O 4.0 III 


1.5717474 


56.4936 


5.7680 


4.6280 


O 4.0 III 


2.4737502 


53.1420 


5.8290 


4.6100 


O 4.5 III 


1.8594586 


55.6850 


5.7810 


4.6140 


O 4.5 III 


2.7917235 


51.7499 


5.8530 


4.6050 


4.51 


2.1249805 


54.8898 


5.7950 


4.5980 


O 5.0 III 


2.9710480 


50.8750 


5.8660 


4.6030 


WNL 


2.2265692 


54.5749 


5.8000 


4.5900 


O5.0I 


3.9396822 


44.1082 


5.9510 


4.3440 


LBV 


2.3720850 


54.1169 


5.8090 


4.5770 


5.51 


4.2857995 


32.3067 


5.9200 


4.3970 


WNL 


2.5574298 


53.5309 


5.8200 


4.5570 


O6.0I 


4.3073855 


31.2900 


6.0210 


4.4370 


LBV 


2.6887792 


53.1230 


5.8290 


4.5400 


6.51 


4.3082900 


31.2285 


6.0620 


4.4700 


WNL 


2.8151875 


52.7477 


5.8380 


4.5200 


O7.0I 


4.3089005 


31.1840 


6.0690 


4.4620 


LBV 


2.9347828 


52.4192 


5.8470 


4.4980 


7.51 


4.3197685 


30.3332 


6.0900 


4.4730 


WNL 


3.0123325 


52.2268 


5.8530 


4.4800 


O8.0I 


4.3670145 


27.5482 


5.9130 


4.6090 


WNE 


3.0857660 


52.0650 


5.8590 


4.4610 


8.51 


4.4334785 


24.1890 


5.8570 


4.5920 


WC 


3.1218755 


51.9937 


5.8620 


4.4500 


O9.0I 


4.6809210 


14.6686 


5.6460 


4.7990 


WC 


3.1912615 


51.8739 


5.8680 


4.4280 


9.51 












3.2612565 


51.2141 


5.8720 


4.3950 


BSG 












3.2947412 


50.6178 


5.8730 


4.3720 


LBV 












3.6153805 


33.7033 


5.8670 


4.3750 


BSG 












3.6224198 


33.5101 


5.8940 


4.4460 


O9.0I 












3.6229290 


33.5080 


5.9030 


4.4550 


8.51 












3.6233745 


33.5060 


5.9080 


4.4530 


O9.0I 
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Table 9. continued. 



Age 


mass 


Luminosity 


T e g 


Sp. Type 


Age 


mass 


Luminosity 


T e s 


Sp. Type 


Myr 


M Q 


log 10 (L/L o ) 


logio(K) 




Myr 


M 


log 10 (L/L o ) 


logio(K) 














3.6240875 


33.5032 


5.9100 


4.4300 


9.5 I 












3.6245332 


33.4851 


5.9090 


4.3970 


BSG 












3.6246225 


33.4817 


5.9100 


4.3840 


LBV 












3.6258830 


33.1985 


5.9280 


3.8730 


YHG 












3.6274002 


32.9562 


5.9930 


1 A^AA 

3.9290 


LBV 












3.6279472 


32.7957 


5.9760 


3.8650 


YHG 












3.6408085 


28.8736 


6.0340 


3.8770 


LBV 












3.6727700 


26.6576 


5.9840 


4.4310 


WNL 












3.7211365 


24.5152 


5.8540 


4.6000 


WNE 












3.8060685 


21.0768 


5.7380 


4.6670 


WC 












4.0147065 


14.6174 


5.6480 


4.7950 


wc 


m ini = 40 M Q , 


v rot = 300 km/s 


z = 0.02 






mini = 40 Mq, v ro t = km/s 


z = 0.02 




0.0000000 


40.0000 


5.3410 


4.6290 


O5.0 V 


0.0000000 


40.0000 


5.3500 


4.6380 


5.0 V 


0.6033284 


39.6638 


5.3650 


4.6190 


5.5 V 


1.2306326 


39.2770 


5.3980 


4.6160 


5.5 V 


2.7180158 


37.9967 


5.4770 


4.5830 


O6.0 V 


2.5606410 


38.2461 


5.4630 


4.5830 


O6.0 V 


2.8079328 


37.9023 


5.4830 


4.5800 


O 6.0 III 


2.6943652 


38.1257 


5.4710 


4.5780 


O 6.0 III 


3.5662060 


37.0044 


5.5360 


4.5560 


O 6.5 III 


3.0685855 


37.7742 


5.4920 


4.5600 


O 6.5 III 


3.9535328 


36.4431 


5.5660 


4.5400 


O 7.0 III 


3.3507872 


37.4991 


5.5100 


4.5430 


7.0 III 


4.1738048 


36.0534 


5.5850 


4.5310 


O7.0I 


3.6131688 


37.2431 


5.5280 


4.5220 


7.5 III 


4.4472590 


35.5514 


5.6090 


4.5170 


7.5 I 


3.6630180 


37.1954 


5.5310 


4.5170 


7.51 


4.7574220 


34.9711 


5.6390 


4.4950 


O8.0I 


3.8064682 


37.0616 


5.5420 


4.5020 


O 8.01 


4.9266050 


34.6601 


5.6570 


4.4780 


O 8.5 I 


3.9426182 


36.9415 


5.5530 


4.4850 


O 8.5 I 


5.0309235 


34.4764 


5.6690 


4.4660 


O9.0I 


4.0279992 


36.8714 


5.5600 


4.4720 


O9.0I 


5.1301465 


34.3095 


5.6800 


4.4530 


WNL 


4.1534765 


36.7774 


5.5710 


4.4530 


9.51 


5.5382560 


32.8282 


5.7780 


4.3160 


LBV 


4.3112995 


36.6785 


5.5860 


4.4220 


BSG 


5.5404720 


32.5145 


5.8030 


3.8580 


YHG 


4.5648590 


35.3579 


5.6560 


4.2690 


LBV 


5.6038870 


23.6730 


5.8910 


4.2830 


LBV 


4.5651770 


35.3557 


5.6590 


4.2420 


BSG 


5.6318410 


22.4679 


5.8770 


4.3820 


WNL 


4.5681685 


35.1705 


5.6620 


3.8600 


YHG 


5.7271790 


19.2964 


5.7050 


4.6260 


WNE 


4.9779120 


15.8704 


5.6140 


3.8970 


LBV 


5.7341225 


19.0507 


5.7060 


4.6100 


wc 


4.9839990 


15.4650 


5.6120 


4.5060 


WNL 


5.9676575 


12.7371 


5.5540 


4.8000 


wc 


5.0102080 


15.0283 


5.6100 


4.6520 


WNE 












5.0534350 


14.0897 


5.6210 


4.6460 


WNE 


m ini = 25 M Q , 


v rot = 300 km/s 


z = 0.02 






m; n i = 25 Mq, v rot = km/s 


z = 0.02 




0.0000000 


25.0000 


4.8620 


4.5660 


O7.0 V 


0.0000000 


25.0000 


4.8730 


4.5760 


O 6.5 V 


2.5403295 


24.7687 


4.9570 


4.5460 


7.5 V 


0.7044491 


24.9440 


4.8940 


4.5670 


O7.0 V 


4.2112720 


24.5183 


5.0370 


4.5270 


O8.0 V 


3.1007708 


24.7019 


4.9880 


4.5450 


O 7.5 V 


4.9560110 


24.3579 


5.0780 


4.5130 


O 8.5 V 


4.1141835 


24.5674 


5.0360 


4.5280 


O 8.0 V 


5.1965515 


24.2999 


5.0920 


4.5080 


O 8.5 III 


4.7144740 


24.4782 


5.0670 


4.5120 


O 8.5 V 


5.6416620 


24.1845 


5.1200 


4.4950 


O 9.0 III 


4.9476720 


24.4422 


5.0810 


4.5050 


O 8.5 III 


5.9484235 


24.0992 


5.1400 


4.4840 


O 9.5 III 


5.1685970 


24.4077 


5.0940 


4.4960 


O 9.0 III 


6.3443255 


23.9827 


5.1680 


4.4660 


BSG 


5.4422980 


24.3650 


5.1110 


4.4840 


O 9.5 III 


8.0793755 


21.5113 


5.3640 


A i Tin 

4.1330 


LBV 


5. 0963615 


24.3262 


5.1270 


A A £.C\f\ 

4.4690 


BSG 


8.0813105 


21.4602 


5.3720 


3.8720 


YHG 


6.6092615 


24.1399 


5.3040 


4.0930 


LBV 


8.0819755 


21.4540 


5.3740 


3.5900 


RSG 


6.6769850 


23.4420 


5.3060 


3.8720 


YHG 


8.4990530 


13.7862 


5.5290 


3.8550 


YHG 


6.7484280 


22.9241 


5.3000 


3.6760 


RSG 


8.5055150 


13.6556 


5.5290 


4.2870 


WNL 


7.2963415 


16.6110 


5.2570 


3.5630 


RSG 


8.7131440 


11.4163 


5.4310 


4.6900 


WNE 












8.7183250 


11.3330 


5.4520 


4.7010 


WNE 












mini = 20 Mo, 


v rot = 300 km/s 


z = 0.02 






m; n i = 20 M Q , v rot = km/s 


z = 0.02 




0.0000000 


20.0000 


4.6100 


4.5290 


O8.0 V 


0.0000000 


20.0000 


4.6210 


4.5400 


7.5 V 


1.2163962 


19.9643 


4.6410 


4.5210 


O 8.5 V 


0.2819594 


19.9930 


4.6260 


4.5360 


O8.0 V 


4.0353365 


19.8546 


4.7370 


4.5060 


O9.0 V 


2.5817525 


19.9281 


4.6950 


4.5210 


O 8.5 V 


5.8747015 


19.7486 




A A QQPi 


U y.j V 


4.0Z 11 lOJ 


19.8518 


4.7700 


4.JU4U 


\J y.KJ V 


6.7434725 


19.6844 


4.8580 


4.4740 


B0.0V 


5.6688175 


19.8048 


4.8140 


4.4890 


9.5 V 


7.2805585 


19.6392 


4.8870 


4.4630 


BSG 


6.3578040 


19.7711 


4.8470 


4.4740 


B0.0V 


10.1916910 


18.0257 


5.1440 


3.8590 


YG 


6.8873955 


19.7447 


4.8740 


4.4580 


BSG 


10.1918490 


18.0252 


5.1430 


3.6040 


RSG 


8.4809040 


18.8094 


5.0720 


3.8730 


YG 


11.0120840 


11.7873 


5.3870 


3.5850 


RSG 


8.5819690 


18.5271 


5.0450 


3.6020 


RSG 












9.1767410 


15.7450 


5.0860 


3.5600 


RSG 
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Weidner & Vink: The masses of stars 



Table 9. continued. 



Age 


mass 


T iimindcihf 
LllllllllUaliy 


T a 

1 eff 


op. lypc 


A OA 

Age 


mass 


T iimitiddhf 

Liiiiiniuaiiy 


T a 

1 eff 


op. lypc 


iviyr 


M 

Mq 


lncr (T IT \ 


lr\(T (K\ 




iviyr 


M 

Mq 


lncr (TIT \ 














Z = 


0.04 










m-mi 


= 120 M Q 


v ro t, = 300 km/s 


, z = 0.04 






m ini = 120 M 


, v rot = km/s 


, z = 0.04 




r\ r\r\r\r\r\r\r\ 

0.0000000 


1 OA AAAA 

120.0000 


6.2810 


A T^AA 

4.7200 


O 2If* 


A AAAAAAA 

0.0000000 


1 OA AAAA 

120.0000 


6.2860 


A T^k 1- ! A 

4.7270 


O 2If* 


0.7122990 


106.1743 


6.2800 


4.7040 


WNL 


1.1811930 


/\ f r\r\r\r\ 

96.0022 


6.2780 


4.6690 


WNL 


l. 5903378 


83.8015 


6.2800 


4.3490 


LBV 


1.8489928 


74.8679 


6.2810 


4.3330 


LBV 


2.0647445 


41.2997 


5.9280 


4.4000 


WNL 


2.1893340 


35.1802 


5.9270 


4.4010 


WNL 


3.0004895 


12.6752 


5.3520 


4.6570 


WNE 


2.5832630 


16.9112 


5.5700 


4.6230 


WNE 


3.2045 1 20 


9.8998 


5.2310 


4.6640 


wc 


2.7133730 


13.5116 


5.4550 


4.6370 


WC 


3.4608532 


7.1121 


5.1160 


4.8120 


wc 


3.0063900 


8.5724 


5.2650 


4.8030 


wc 


m m 


= 85 M , 


v ro t, = 300 km/s, 


z = 0.04 






m ini = 60 Mq, 


v rot , = 300 km/ 


s, z = 0.04 




0.0000000 


85.0000 


6.0160 


4.6700 


O2.0 V 


0.0000000 


60.0000 


5.7630 


4.6760 


O3.0 V 


0.2073841 


83.2480 


6.0170 


4.6610 


O 2.0 III 


1.6115779 


52.5985 


5.8280 


4.6540 


WNL 


0.5546225 


80.1208 


6.0230 


4.6450 


O 2.5 III 


3.9731632 


11.5407 


5.2770 


4.6680 


WNE 


0.6H2433 


79.5865 


6.0240 


4.6430 


2.5 I 


4.2376410 


8.7119 


5.1460 


4.6870 


WC 


A A A C C*7 1 C 

0.9455716 


76.2783 


C AT1A 

6.0320 


4.6330 


s~\ OAT 

O 3.0 I 


A A C AC 1 OC 

4.4505125 


6.6861 


C AAAA 

5.0990 


A O 1 AA 

4.8100 


WC 


1 1 r\'~~i ;i i o o 

1. 1074332 


74.5755 


6.0370 


4.6310 


WNL 












2.0882518 


61.0788 


6.0530 


4.3290 


LBV 












2.5212965 


38.3726 


5.8210 


4.3630 


WNL 












3.5020968 


13.2380 


5.3910 


4.6520 


WNE 












3.5656982 


12.1506 


5.3470 


4.6570 


WC 












3.9473910 


7.2946 


5.1400 


4.8140 


wc 












m 


lni = 60 M Q , v rot = km/s, z 


= 0.04 






m ini = 40 Mq, 


v ro t, = 300 km/s, z = 0.04 




0.0000000 


60.0000 


5.7490 


4.6630 


3.0 V 


0.0000000 


40.0000 


5.3890 


4.6190 


O5.0 V 


0.2856618 


59.0542 


5.7550 


4.6530 


O 3.5 V 


0.2346178 


39.7772 


5.3970 


4.6160 


5.5 V 


0.7580356 


57.3484 


5.7690 


4.6340 


O4.0 V 


1.8258416 


37.8880 


5.4750 


4.5820 


O6.0 V 


0.8683556 


56.9232 


5.7730 


4.6290 


O 4.0 III 


1.9091198 


37.7668 


5.4800 


4.5800 


O 6.0 III 


1.1859810 


55.6416 


5.7840 


4.6130 


O 4.5 III 


2.6890815 


36.4932 


5.5300 


4.5560 


O 6.5 III 


1.4319508 


54.5957 


5.7940 


4.5950 


O 5.0 III 


3.1912810 


35.4259 


5.5660 


4.5400 


O 7.0 III 


1.5242232 


54.1944 


5.7980 


4.5880 


O5.0I 


3.2596885 


35.2664 


5.5710 


4.5370 


WNL 


1.6160245 


53.7916 


5.8020 


4.5800 


5.5 I 


4.7375470 


31.0692 


5.7210 


4.2620 


LBV 


1.8360944 


52.8212 


5.8130 


4.5590 


O6.0I 


4.7952865 


29.8853 


5.8170 


4.3600 


WNL 


1.9606289 


52.2799 


5.8200 


4.5430 


6.5 I 


4.7958090 


29.8715 


5.8180 


4.3480 


LBV 


2.0813522 


51.7800 


5.8270 


4.5220 


O7.0I 


4.8024910 


29.6620 


5.9030 


3.8750 


YHG 


2.2386800 


51.1887 


5.8380 


4.4920 


7.5 I 


4.8570485 


27.6540 


5.9250 


3.8760 


LBV 


2.3116478 


50.9483 


5.8440 


4.4750 


O8.0I 


4.9483710 


22.8732 


5.8880 


4.4330 


WNL 


2.3481315 


50.8375 


5.8470 


4.4660 


O 8.5 I 


5.0142215 


19.8232 


5.7240 


4.5940 


WNE 


2.3846155 


50.7335 


5.8500 


4.4570 


O9.0I 


5.0210715 


19.4902 


5.7150 


4.5960 


WC 


2.4523712 


50.5647 


5.8550 


4.4330 


9.5 I 


5.3272680 


11.4181 


5.4850 


4.8340 


wc 


2.5535530 


49.2773 


5.8580 


4.3860 


BSG 












O CO^C/I OA 

2.5865480 


48.4843 


5.8570 


4.3600 


LBV 












3. 0187062 


33.1277 


5.8510 


4.3660 


WNL 












3.1266585 


29.0412 


5.9810 


4.4210 


LBV 












3.1425120 


27.8343 


6.0130 


4.4380 


WNL 












3.1872218 


24.6263 


5.8430 


4.5720 


WNE 












3.2445090 


21.0379 


5.7580 


4.5490 


WC 












3.5380940 


11.3294 


5.4760 


4.8120 


wc 












m m 


= 25 M , 


v ro t, = 300 km/s, 


z = 0.04 






m ini = 25 M G 


, v rot , = km/s 


z = 0.04 




0.0000000 


25.0000 


4.9310 


4.5710 


6.5 V 


0.0000000 


25.0000 


4.9410 


4.5810 


6.5 V 


0.7839074 


24.8724 


4.9610 


4.5650 


O7.0 V 


1.8920445 


24.6451 


5.0200 


4.5620 


O7.0 V 


3.4727440 


24.2181 


5.1020 


4.5410 


7.5 V 


3.2136872 


24.3080 


5.0880 


4.5420 


7.5 V 


4.7023685 


23.6354 


5.1870 


4.5230 


O 8.0 III 


3.9164080 


24.0910 


5.1300 


4.5240 


O8.0 V 


5.5065380 


23.1187 


5.2540 


4.5060 


O 8.5 III 


4.1261118 


24.0218 


5.1430 


4.5160 


O 8.0 III 


6.1294445 


22.6320 


5.3170 


4.4890 


O 9.0 III 


4.2627490 


23.9758 


5.1520 


4.5110 


O 8.5 III 


6.4360/05 


22.3614 


5.3520 


4.4/90 


WINL 


4.586/530 


23.8655 


5.1750 


4.4950 


r\ C\ A TTT 
U 9.0 111 


7.3809685 


21.2317 


5.5980 


4.2400 


LBV 


4.8273150 


23.7842 


5.1930 


4.4800 


O 9.5 III 


7.3820465 


21.0639 


5.6220 


3.8730 


YHG 


5.0530525 


23.7106 


5.2100 


4.4640 


BSG 


7.4232860 


18.6763 


5.7080 


3.8770 


LBV 


5.8147580 


23.5028 


5.3230 


4.4940 


O 8.5 III 


7.4467310 


18.1922 


5.7100 


4.3290 


WNL 


5.8163300 


23.5015 


5.3150 


4.4890 


O 9.0 III 


7.5964520 


14.5465 


5.5070 


4.6330 


WNE 


5.8163300 


23.5015 


5.3150 


4.4890 


O 9.0 III 


7.6086400 


14.2369 


5.4950 


4.6350 


WC 


5.8170285 


23.5010 


5.3160 


4.4750 


O 9.5 III 
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Weidner & Vink: The masses of stars 



Table 9. continued. 



Age 


mass 


Luminosity 


Teff 


Sp. Type 


Age 


mass 


Luminosity 


T e s 


Sp. Type 


Myr 


M Q 


log 10 (L/L o ) 


logio(K) 




Myr 


M 


log 10 (L/L o ) 


logio(K) 




7.8694710 


9.5879 


5.3550 


4.8140 


WC 


5.8178670 


23.5004 


5.3220 


4.4520 


BSG 












5.8241865 


23.4506 


5.3650 


4.1410 


LBV 












5.8282440 


23.3195 


5.3910 


3.8720 


YHG 












6.4117615 


13.8709 


5.4330 


3.8500 


YHG 




= 20 M Q , 


v rot , = 300 km/s, z = 0.04 














0.0000000 


20.0000 


4.6630 


4.5210 


O 8.5 V 












2.3022982 


19.8656 


4.7420 


4.5060 


O9.0 V 












3.9294748 


19.7344 


4.8150 


4.4890 


9.5 V 












4.8387095 


19.6420 


4.8620 


4.4740 


BO.O V 












5.3234640 


19.5860 


4.8890 


4.4640 


BSG 












8 1257930 


17.7537 


5.0520 


4.3720 


WNL 












8.6099200 


16.8655 


5.1760 


3.9950 


BSG 












8.6106560 


16.8549 


5.1750 


3.8660 


YG 












8.7348380 


15.2882 


5.3010 


3.7260 


YHG 












8.8588410 


13.6160 


5.3000 


3.7630 


YG 












9.1548770 


9.8867 


5.2440 


4.4180 


WNL 












9.4105940 


9.2449 


5.3520 


4.4390 


WNL 













LMC metallicity (z = 0.008) 



' ' ini 


= 120 M 


v rot; = 300 km/s 


z = 0.008 








'""ini 


60 M , 


* rot 


- 300 km/s 


z = 0.008 




0.0000000 


120.0000 


6.2140 


4.7310 


O 2.0 If 





0000000 


60 


0000 


5 


6820 


4.6860 


O3.0 V 


1.9595181 


102.9785 


6.3320 


4.6760 


WNL 





2979827 


59 


6762 


5 


6950 


4.6770 


O 3.5 V 


2.5262850 


93.5009 


6.3860 


4.3640 


LBV 





7291670 


59 


1504 


5 


7170 


4.6700 


O 3.5 III 


3.1879975 


37.2673 


6.0530 


4.4570 


WNL 


2 


0456922 


56 


9579 


5 


7980 


4.6420 


O 4.0 III 


3.2485625 


33.3330 


6.0390 


4.5960 


WNE 


2 


3903512 


56 


1718 


5 


8240 


4.6310 


O4.0I 


3.2724660 


31.8841 


6.0180 


4.5790 


WC 


2 


6550700 


55 


4854 


5 


8450 


4.6210 


4.5 I 


3.2890230 


30.4860 


5.9900 


4.4240 


LBV 


3 


0891092 


54 


1722 


5 


8840 


4.6000 


O5.0I 


3.2919092 


30.0792 


5.9740 


4.4960 


WC 


3 


4820080 


52 


7520 


5 


9230 


4.5800 


5.51 


3.6300872 


13.3927 


5.5950 


4.8180 


WC 


3 


8287820 


51 


2107 


5 


9620 


4.5620 


WNL 












4 


4030205 


48 


4254 


6 


0750 


4.4590 


LBV 












4 


4045680 


47 


8923 


6 


1060 


4.5100 


WNL 












4 


4048185 


47 


8903 


6 


1080 


4.4800 


LBV 












4 


4081185 


46 


8239 


6 


1460 


3.8770 


BSG 












4 


4090990 


46 


3901 


6 


1530 


3.8750 


YHG 












4 


4110175 


45 


4902 


6 


1600 


3.8770 


LBV 












4 


5355055 


36 


0793 


6 


1300 


4.5000 


WNL 












4 


6174305 


31 


6506 


6 


0390 


4.6050 


WNE 












4 


6207880 


31 


4079 


6 


0340 


4.5980 


WC 












4 


6518545 


29 


8221 


6 


0070 


4.2280 


LBV 












4 


6602595 


26 


1187 


5 


9310 


4.4170 


WC 












4 


8432090 


16 


4456 


5 


7330 


4.8490 


WC 


m-mi 


= 40 M , 


v rot , = 300 km/s, 


z = 0.008 








mini = 


30 M , 


Vrot : 


= 300 km/s 


z = 0.008 




0.0000000 


40.0000 


5.3170 


4.6430 


5.5 V 





0000000 


30 


0000 


5 


0330 


4.6080 


6.5 V 


2.3276098 


39.0577 


5.4390 


4.6150 


O 5.5 III 





2138163 


29 


9785 


5 


0390 


4.6050 


O7.0 V 


3.1412225 


38.5397 


5.4930 


4.5980 


O 6.0 III 


3 


2977295 


29 


5309 


5 


1860 


4.5780 


7.5 V 


3.7145050 


38.0821 


5.5360 


4.5780 


O 6.5 III 


3 


9570908 


29 


3825 


5 


2260 


4.5670 


O 7.5 III 


4.0200750 


37.8021 


5.5610 


4.5640 


6.51 


5 


0176330 


29 


0838 


5 


2990 


4.5380 


O 8.0 III 


4.0936185 


37.7309 


5.5680 


4.5600 


O7.0I 


5 


4466060 


28 


9076 


5 


3320 


4.5190 


O 8.5 III 


4.4425960 


37.3758 


5.5990 


4.5390 


7.51 


5 


7691770 


28 


7612 


5 


3590 


4.5010 


O9.0I 


4.6363970 


37.1147 


5.6180 


4.5240 


O8.0I 


6 


0574980 


28 


6264 


5 


3850 


4.4800 


9.51 


4.8845875 


36.7766 


5.6430 


4.5030 


8.51 


6 


2608615 


28 


5321 


5 


4040 


4.4620 


BSG 


5.0001165 


36.6231 


5.6550 


4.4890 


O9.0I 


6 


9819635 


27 


4565 


5 


5050 


4.4630 


9.51 


5.1102935 


36.4814 


5.6670 


4.4730 


9.51 


6 


9829310 


27 


4558 


5 


5020 


4.4610 


BSG 


5.2633395 


36.2980 


5.6850 


4.4480 


BSG 


6 


9879585 


27 


4354 


5 


5310 


4.2160 


LBV 


5.6510235 


35.2933 


5.7580 


4.4830 


O9.0I 


6 


9905500 


27 


3408 


5 


5430 


3.8650 


YHG 


5.6524505 


35.2902 


5.7560 


4.4680 


9.51 


7 


3154990 


16 


2920 


5 


6210 


4.4620 


WNL 


5.6528645 


35.2895 


5.7580 


4.4500 


BSG 


7 


5867505 


13 


6902 


5 


5440 


4.6940 


WNE 


5.6533780 


35.2868 


5.7650 


4.4110 


BSG 


7 


5963590 


13 


5216 


5 


5390 


4.6890 


WC 


5.6541770 


35.2744 


5.7780 


4.3290 


LBV 


7 


6507400 


12 


1059 


5 


5420 


4.6590 


WC 


5.6566830 


35.0328 


5.8000 


3.8750 


YHG 


















5.7411655 


28.4731 


5.8650 


3.8780 


LBV 
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Table 9. continued. 



Age 


mass 


Luminosity 


T 1 


Sp. Type 


Age 


mass 


Luminosity 


T 

Jeff 


Sp. Type 


Myr 


M 


log 10 (L/L o ) 


logio(K) 




Myr 


M B 


log 10 (L/Lo) 


logio(K) 




5.7845300 


27.3243 


5.8730 


4.3750 


WNL 












5.8047500 


26.9017 


5.8720 


4.3660 


LBV 












5.8336760 


26.2948 


5.8700 


4.3730 


WNL 












6.1551555 


19.5713 


5.7860 


4.6640 


wc 












6.2103525 


17.3421 


5.7650 


4.7800 


wc 












m ini = 20 M Q , v rot , = 


300 km/s, z = 0.008, Padova model 












0.0000000 


19.6947 


4.6294 


4.5613 


8.5 V 












1.5522020 


19.6766 


4.6652 


4.5470 


O9.0 V 












5.3253110 


19.6087 


4.8051 


4.5263 


9.5 V 












7.2242600 


19.5097 


4.8985 


4.4929 


B 












7.5282720 


19.4872 


4.9155 


4.4837 


BG 












9.0765410 


19.2730 


5.0680 


4.3931 


BSG 












9.0885540 


19.2641 


5.0865 


3.8735 


YG 












9.0919190 


19.2641 


5.0451 


3.6387 


RSG 












9.1301450 


19.2243 


5.1754 


3.6576 


YG 












9.1327400 


19.2243 


5.1716 


3.8853 


BSG 












9.5183220 


19.0173 


5.1648 


3.8710 


YG 












9.5882510 


18.9692 


5.1509 


3.6502 


RSG 












9.7910080 


18.7219 


5.2919 


3.5601 


RSG 












SMC metallicity (z = 0.004) 




= 120 M B 


, v ro t, = 300 km/s, z = 0.004 




m ini = 60 M B 


, v rot , = 300 km/s, z = 0.004 




0000000 

V./ . V./ V./ V./ V./ V./ V./ V./ 


120 0000 


6.2090 


4.7450 


O 2.0 If* 


0.0000000 


60.0000 


5.6760 


4.6980 


O 2.0 If 


2 2878100 


104.9922 


6.3760 


4.6680 


WNL 


1.6283401 


58.4894 


5.7700 


4.6700 


O 2.0 V 


2.7973842 


95.8416 


6.4420 


4.3910 


LBV 


2.2080835 


57.6779 


5.8110 


4.6540 


O 2.5 III 


3.2331478 


52.7831 


6.3080 


4.5710 


WNL 


2.6747342 


56.8529 


5.8490 


4.6370 


O 3.0 III 


3.2714685 


49.1669 


6.2730 


4.5860 


WNE 


2.9854308 


56.1942 


5.8760 


4.6200 


O 3.5 III 


3.2810722 


48.1992 


6.2630 


4.5220 


LBV 


3.1044190 


55.9151 


5.8880 


4.6130 


O4.0I 


3.3344045 


34.8949 


6.0790 


4.4690 


WC 


3.2770062 


55.4829 


5.9050 


4.6010 


4.51 


3.5980968 


17.1781 


5.7530 


4.7950 


WC 


3.4442515 


55.0331 


5.9220 


4.5880 


O5.0I 




= 40 Af Q) 


v rot , = 300 km/s, 


z = 0.004 




3.5500428 


54.7333 


5.9340 


4.5790 


5.51 


0.0000000 


40.0000 


5.3120 


4.6550 


3.5 V 


3.7019615 


54.2844 


5.9510 


4.5650 


O6.0I 


0.6528106 


39.8576 


5.3410 


4.6460 


O4.0 V 


3.8458675 


53.8327 


5.9680 


4.5480 


6.51 


2.5598660 


39.2560 


5.4490 


4.6270 


4.5 V 


3.9812960 


53.3258 


5.9840 


4.5340 


O7.0I 


3.3546038 


38.8721 


5.5050 


4.6090 


O5.0 V 


4.1079905 


52.8620 


6.0000 


4.5170 


7.51 


3.6820315 


38.6794 


5.5300 


4.5990 


O 5.0 III 


4.1855345 


52.5885 


6.0110 


4.5030 


O8.0I 


3.8373135 


38.5797 


5.5420 


4.5930 


O 5.5 III 


4.2578970 


52.3466 


6.0200 


4.4870 


8.51 


4.2053280 


38.3209 


5.5730 


4.5760 


O 6.0 III 


4.3262125 


52.1321 


6.0300 


4.4720 


O9.0I 


4.4137455 


38.1603 


5.5920 


4.5630 


O 6.5 III 


4.3305155 


52.1190 


6.0310 


4.4710 


WNL 


4.5455730 


38.0540 


5.6050 


4.5540 


6.51 


4.4243485 


51.8059 


6.0720 


4.4590 


LBV 


4.6090715 


38.0016 


5.6110 


4.5490 


O7.0I 


4.4274385 


51.2078 


6.1040 


3.8750 


YHG 


4.7954600 


37.8387 


5.6290 


4.5320 


7.51 


4.4443775 


44.5912 


6.1620 


4.2180 


LBV 


4.9154035 


37.7017 


5.6420 


4.5210 


O8.0I 


4.6386520 


35.9884 


6.1270 


4.5490 


WNL 


5.0891035 


37.5044 


5.6600 


4.5020 


8.51 


4.6752050 


34.2691 


6.0890 


4.2940 


LBV 


5.1982725 


37.3843 


5.6720 


4.4870 


O9.0I 


4.6875580 


34.2642 


6.0950 


4.5950 


WNL 


5.3033105 


37.2729 


5.6840 


4.4700 


9.51 


4.7098275 


33.9055 


6.0960 


4.4550 


LBV 


5.3987365 


37.1772 


5.6950 


4.4530 


BSG 


4.7404865 


32.5838 


6.0880 


4.6610 


WNL 


5.6899025 


36.7542 


5.7570 


4.4720 


O9.0I 


4.7501970 


32.0460 


6.0800 


4.6420 


WNE 


5.6909885 


36.7519 


5.7550 


4.4670 


9.51 


4.7551630 


31.7438 


6.0760 


4.6310 


WC 


5.6918035 


36.7506 


5.7550 


4.4480 


BSG 


4.8120270 


28.4654 


6.0630 


4.8410 


wc 


5.6937425 


36.7311 


5.7740 


4.3280 


LBV 












5.6965865 


36.5473 


5.7940 


3.8750 


YHG 












5.8482340 


28.0283 


5.8640 


3.8760 


LBV 












5.9362130 


26.1314 


5.8730 


4.4130 


WNL 












6.1748640 


22.3331 


5.8980 


4.3890 


WNL 












m ini = 20 M Q , v rot , = 


300 km/s, z = 0.004, Padova model 


m ini = 15 M Q , v rot , = 


300 km/s, z = 


0.004, Padova model 


0.0000000 


19.6947 


4.6301 


4.5733 


7.5 V 


0.0000000 


14.7724 


4.2919 


4.5249 


9.5 V 


0.6778070 


19.6947 


4.6479 


4.5648 


O8.0 V 


6.9185840 


14.7622 


4.4615 


4.5012 


B 


5.5389360 


19.6268 


4.8283 


4.5412 


8.5 V 


11.9532000 


14.7214 


4.6655 


4.4266 


BSG 


6.5944990 


19.5997 


4.8804 


4.5255 


O9.0 V 


12.7442700 


14.7045 


4.7348 


4.4348 


B 


7.3414660 


19.5591 


4.9215 


4.5078 


9.5 V 


12.7579800 


14.7045 


4.7453 


4.4276 


BSG 
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Weidner & Vink: The masses of stars 



Table 9. continued. 



Age 


mass 


Luminosity 




Sp. Type 


Age 


mass 


Luminosity 


T e tf 


Sp. Type 


Myr 


M 


log w (L/L Q ) 


log,„(K) 




Myr 


M 


logi (£/£o) 


logio(K) 




7.8724170 


19.5276 


4.9537 


4.4893 


B 


12.7770200 


14.7045 


4.7461 


3.8726 


YG 


8.2688160 


19.5007 


4.9807 


4.4698 


BG 


12.7791200 


14.7045 


4.6056 


3.6517 


RSG 


8.9886990 


19.4111 


5.0836 


4.4244 


BSG 


12.9364100 


14.6639 


4.8698 


3.6534 


YG 


9.6339610 


19.1447 


5.1912 


3.8731 


YG 


12.9389100 


14.6639 


4.8960 


3.8775 


BSG 


9.6607520 


19.1227 


5.1664 


3.6523 


RSG 


13.7597900 


14.5764 


4.7932 


3.8694 


YG 












13.7622400 


14.5764 


4.6591 


3.6501 


RSG 



JNotes. Hvolution ot the Meynet & Maeder (2003) and Mevnet & Maeder (200b) stellar models with and without rotation through the spectral 
types with a metalli city of z = 0.02, 0.04, 0.008 and 0.004. The 20 M Q model with z = 0.008 and the 15 and 20 M models with z = 0.004 are from 
Berte lli et al] ( 120091) . 
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